LIBRARY 
PYSLIC MONTHLY 10/- 


at 
THE ROYAL 
AERONAUTICAL 
SOCIETY 


CONTENTS MARCH 1951 

THE RELATIVE MERITS OF CENTRIFUGAL AND AXIAL 
COMPRESSORS FOR AIRCRAFT GAS TURBINES 

E. MOULT, B.Sc., Ph.D., F.R.Ae.S.,M.1Mech.E., 

and H, PEARSON, B.A., A.F.R.Ae.S. 

METAL ADHESIVE PROCESSES F. H. PARKER 


METHOD FOR DESIGNING WIND TUNNEL CONTRACTIONS 
R. HARROP 


A NOTE ON THE BUCKLING OF STRUTS 
HAROLD LURIE, Ph.D. 


LONDON 
ROYAL AERONAUTICAL SOCIETY, 4 HAMILTON PLACE, W.1 


| 
a 
a 

fate 
a 
, 
: 
4 
4 
4 


we can start and stop almost anything 


When it comes to stopping modern high speed aircraft people in the Industry almost auto- 
matically think of B.B.A., because MINTEX brake linings are used on practically all British 
Aircraft. This supremacy, in the most exacting field of all, is the result of years of research 
and experimental work, the benefits of which are applied to the manufacture of all B.BA 


friction materials. No wonder they say — ‘** When you've got to stop you can rely on MINTEX.” 


BRITISH BELTING AND ASBESTOS LIMITED 
CLECKHEATON, YORKSHIRE 
Spinners, weavers and manufacturers of Asbestos Yarns, Cloths, Tapes, 


Packings and Jointings. Manufacturers of Machinery Belting for Industry; 
Manufacturers of mintex brake and clutch linings and other friction materials. 
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‘of the RAF’s wartime 

aft and more than ever leaders to-day — 
with a personnel of 38,000 and unmatched 
the Hawker Siddeley Group is the largest” 


SIR W. G. ARMSTRONG WHITWORTH AIRCRAFT LI 
ARMSTRONG SIDDELEY MOTORS LTD. 
GLOSTER AIRCRAFT CO. LTO. A. W.HAWKSLEY LID 
HAWKER AIRCRAFT LTD. - HIGH DUTY ALLOYS LTD. 
A.V. ROE & CO. LTD. - A.V. ROE CANADA LTD. 
AIR SERVICE TRAINING LTD. 


the Hawker Siddeley Gro ap 


18 St. James’s Square, London, S.W.1. Tei: Whitehall 2064 


ae 
Leaders of an Ind tr 
| 
| 
a 
LTD 
iv 
x 


Casting in **Elektron” Z.5.Z. 
This casting in ‘* Elektron magnesium- 
zirconium alloy reduces the deadweight 

of one of the latest British Messier 


undercarriages by 30 Ib. That is the extra 


amount this main body assembly would weigh, 


if it were cast for equivalent strength in 
aluminium alloy. No small reduction 
in weight to achieve in a modern aircraft — 
when every ounce saved is said to be 
worth a guinea to the airline operator. 
The Elektron '’ magnesium-zirconium 
alloys are the lightest constructional 


metals obtainable today. 


London Office : Bath House, Piccadilly, W1 
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2 his Messier nosewheel undercarriage 
is designed to absorb energy on 


a a landing at the highest efficiency and, 
at the same time, allow adequate 
flexibility when taxying. Powerful 


steering gear is fitted and shimmy is 
eliminated: by rigidly coupled wheels. 
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Lo you know your airfields ? 


Recognize this airfield? It’s No. 8 in this 
series of puzzle photographs. You’ll find 
the answer below on the right.* 


To numerous charter companies and flying clubs, 
to the pilots of twenty-three international airlines, 
the Aircraft Servicing Vehicles of the Shell and BP 
Aviation Service are a familiar sight. At twenty-five 
aerodromes throughout the country you will find 
this service on duty all the year round. 


Shell and BP Aviation Service 


Shell-Mex and B.P. Ltd., Shell-Mex House, Strand, W.C.2. 
Distributors in the U.K. for the Shell 
and Anglo-Iranian Oil Groups. 
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WORLD-WIDE AUTHORITIES 


ON EVERY ASPECT OF AVIATION—CIVIL AND MILITARY 


FLIGHT Aviation’s branches are 

today so numerous that 
the specialist who has to keep fully 
in touch with other people’s progress 
must have up-to-the-minute infor- 
mation on every phase of technical 
research, development, equipment 
and operation. He will find it each 
week in FLIGHT— reliable, critically 
annotated and well illus- 
trated news of the world’s 
military, commercial and 
private aviation activities. 

Thursdays 1s. 

Annual subscription £3 1s. 


SSOCIATED 


LIFFE 


PUBLICATIONS 


AIRCRAFT PRODUCTION 


In aircraft manufacture, as in design, 
the demands made upon the engineer 
are severe and often unprecedented. 
Continuous development of produc- 
tion methods is needed and an intimate 
knowledge of what is required is 
essential. Such knowledge can be 
obtained from the detailed practical 

articles published regularly 
in AIRCRAFT PRODUCTION, 
the only specialist journal 
in its field. 

Monthly 2s. 6d. 
Annual subscription £1 13s. 


ILIFFE AND SONS LIMITED, DORSET HOUSE, STAMFORD STREET, LONDON, SE 
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To-pay’s seasoned traveller knows it’s the 
combination of experience and organisation that 
makes Q.E.A. service the world’s best in the air trans- 
port field to-day. 


He knows Q.E.A. has come a long way in 30 years— 
from the time the pilot adjusted the passenger’s goggles 
and heavy leather coat to the time when the Steward 
or Air Hostess provides a service that leaves nothing 
to be desired. 


Here’s what Q.E.A. passengers say— 

London/Sydney. 

** During the period since the cessation of hostilities 1 
have travelled by air to South America, North America, 
Canada, Africa and parts of Europe, and without reserve 
this has been the most satisfactory passage.”” 


in association with British Overseas Airways Corporation 


Sydney/Singapore. 
‘*The many attentions of the excellent Steward ant 
Stewardess are so much appreciated.”’ 


Karachi/London. 
**The Constellation is the most comfortable of the many 
planes I have been in.’’ 

(Original letters on file) 


Fly by Q.E.A. Kangaroo Service (in association with 
B.O.A.C.) from London—via Rome, Cairo, Karachi, 
Calcutta, Singapore and Djakarta—to Sydney. Alter- 
native route via Bombay and Colombo. Sydney to New 
Zealand (By TEAL). Sydney to New Guinea, and 
Pacific Islands. Sydney to Hong Kong. Sydney to 
Tokyo via Manila. 
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Your number’s nearly up, Dr. Mach! 
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Aircraft Engines of the 


PITMAN 
Air Systems for Aircraft 


By C. A. H. Pottitr, M.I.E.D., A.M.I.Ae.S. 
date book describing the pneumatic equipment used in 
operating ancillary services in civil and military aircraft. 
With 95 illustrations, including two folding insets. 25/- net. 


An up-to- 


Bennett's Complete 


Air Navigator 
By Air Vice-Marshal D. C. T. BENNETT, C.B., C.B.E., 
D.S.O., F.R.Ae.S., F.R.Met.S. Fifth Edition. 25/- net. 
The facts are all there."—FLIGHT. 


“Every good navigator should have this work.” 
—AEROPLANE. 


| Rapid Navigation Tables 


By W. MyYerRscouGH and W. HaMILTON. Second Edition. 


17/6 net. 


** Both quicker and simpler than anything I have yet seen.” 
—AEROPLANE. 


World, 1950 


By Paut H. WILKINSON, A.F.I.Ae.S., A.F.R.Ae.S. A mine 
of information on jet engines and gas turbines, including 
eight pages of U.S.S.R. jet engine data and particulars of 
commercial turbojets; also full details of recent reciprocating 
50/- net. 


engines. 150 illustrations. 


PITMAN, Parker St., Kingsway, London WC2 
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The new LIGHT WEIGHT 
FLEXIBLE FUEL TANK 
of SYNTHETIC RUBBER 
and NYLON FABRIC. 
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to *pay-load” 
and satety 


“MAREN? 
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HEAT EXCHANGERS 
COOLERS, INTERCOOLERS 
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Fullest co-operation and advice from our Development Departments 


MARSTON EXCELSIOR LTD 


(A subsidiary company of Imperial Chemical Industries Ltd.) 
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High-speed jet combat aircraft are called upon 
to operate under a variety of conditions and 
the Sperry Electric Gyro Horizon is used 
constantly as an accurate attitude reference, 
its topple-free design making it eminently 
suitable. At high altitudes its electrical oper- 
ation ensures that it remains fully effective 
and reliable. 


Extensive Service trials have proved again the 
high quality of Sperry instruments and this 
Horizon is now being specified by the R.A.F. 
for its latest designs of jet aircraft. 


Modern combat machines are called upon to 
fly at altitudes where the low atmospheric 
pressure precludes the use of vacuum -oper- 
ated instruments as these -tecome inaccurate 
and unreliable. 


WHERE THE 


SPERRY 


ELECTRIC GYRO HORIZON 


Similarly the air-driven Directional Gyros in 
jet aircraft are now superseded by the Sperry 
Gyro Magnetic Compasses, Mark 4 Series. 


The Sperry Electric Gyro Horizon Type H.L.5 (Mk. 3) has 
complete freedom in ro}! throughout 360° —i.e., it is topple-free 
—and it will register 80° of climb or dive. 


It is not affected by low outside temperatures. 


It has a rotor that runs almost twice as fast as that of an air- 
driven instrument and its performance is co respondingly better. 


It is free from air-filtration troubles. 


There is no obstruction of horizon presentation by the front 
bearing support. 

It is fully stressed for jet fighter operation. 

It is easy to install and maintain. Power supply : 115-volt, 
400-cycle, 3-phase A.C., or through an inverter connected to 
the normal 12 or 24-volt D.C. Suppiy. 


It fits the standard instrument panel cut-out and thus can 
directly replace the air-driven Horizon. 
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S P E R R Y ELECTRIC GYRO HORIZON 


THE SPERRY GYROSCOPE COMPANY LTD., GREAT WEST ROAD, BRENTFORD, MIDDLESEX. PHONE: EALING 6771 
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THE ROYAL AERONAUTICAL SOCIETY 


PAPERS FOR THE JOURNAL 


Tne Council have set aside an annual sum of £250 for the award of premiums for papers 
publised in the JOURNAL. Both members and non-members are invited to contribute 
original papers on their own special subjects. The following notes on the preparation of 
papers for the JOURNAL are given to assist contributors : — 


COPYRIGHT 
The copyright of every paper printed in the JoURNAL shall be the property of The 


Royal Aeronautical Society. If the author makes use of copyright material in his paper or 
information obtained by reason of his employment or otherwise, he must state clearly in his 
covering letter, or in the paper, that consent has been given for the use of such material. 


MANUSCRIPTS 

Papers must be in English, in the third person, and typed on one side of the paper 
only, with double spacing and wide margins. When submitted they must be in their final 
form for publication. Only typographical errors may be corrected in proofs. Titles of 
papers should be brief. 

Where practicable, a summary of not more than 250 words should be given at the 
beginning of the paper, giving its scope and conclusions. 

All references should be numbered in the text where they occur, and the complete list of 
references given at the end of the manuscript. These references will be published at the 
end of the text. Footnotes should be numbered consecutively. Tables should be kept as 
concise as possible. 

ILLUSTRATIONS 

Illustrations must be drawn so that they will reduce to column or two-column width, 
that is to 23 or 54 inches. Full page illustrations must reduce to 54 inches by 8 inches. 
All drawings must be in black ink on white paper or tracing cloth. 

Lettering and figures on drawings must be in pencil only. Drawings should be posted 
flat or rolled. 

Photographs should not be less than half plate in size and must be clear black and 
white glossy prints. 

Every drawing and photograph should have on its back its figure number and title. 
MATHEMATICS 

Only very simple symbols and formule should be typewritten. All others should be 
written carefully by hand in ink. Ample space for marking should be allowed above and 
below all equations. Greek letters should be designated by name in the margin. 

The difference between capital and lower-case letters should be clearly shown; care 
should be taken to avoid confusion between zero (0) and the letter 0, between the numeral 
one (1) and the letter 1, between alpha and a, kappa and k, mu and u, nu and v, eta and n. 

All subscripts and exponents should be clearly marked, and dots, bars, and so on, 
over letters should be avoided as far as possible. 

Square roots of complicated expressions should be written with the exponent 4 rather 
than with the sign V/. 

Complicated exponents and subscripts should be avoided. Any complicated expression 
that recurs frequently should be represented by a special symbol. 

Unless an abbreviation is one recognised as standard practice, both in this and other 
English-speaking countries, for example b.h.p. for brake horse power, the meaning should 
be given in full on its first use. 
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lessey 


EVERY BRITISH AIRCRAFT RELIES ON PLESSEY 


High performance, reliability and ease of 
control characterise this Plessey Communica- 
tions Equipment, designed to meet inter- 
national aeronautical requirements and fully 
tropicalised. Fully descriptive literature on 
any Plessey Communications Equipment is 
available to executives in the industry. 


COMMUNICATIONS Equipment 


PR 5! H.F. Receiver for high quality reception of R/T 
M.C.W. and C.W. in the 2-20 Mc/s band. Tempera- 
ture compensated R.F. and oscillator circuits with 
crystal control or free tuning as required. Simple to 
maintain as valves and all major components are readily 
accessible. Fitted with automatic channel indication 
and muting control. Local or remote control. 
Designed to International Aeradio Specification. 


PR 71 Sing'e channel crystal controlled V.H.F. receiver 
for R/T and M.C.W. in the 70-184 Mc/s band. High 
sensitivity and excellent stability over a wide tempera- 
ture range. Local or remote control. The remote 
control unit incorporates a loudspeaker and provides all 
facilities, including automatic channel _ indication. 
Designed to International Aeradio Specification. 


PT 10 12 watt V.H.F. 
crystal controlled trans- 
mitter covering the 116- 
132 Mc/s band. Design- 
ed for simple operation 
with band pass circuits 
in the R.F. unit to 
reduce the number of 
tuning controls required, 
and a pre-set circuit in 
the modulator which 
automatically prevents 
over modulation. 


PT 15 SO watt V.H.F. 
transmitter covering the 
118-132 Mc/s frequency 
range, but can be sup- 
plied for other frequency 
ranges between 70 and 
184 Mc/s to order. The 
operational frequency is 
crystal controlled. Re- 
mote speech and “‘press 
to transmit” facilities 
over a_ distance of 
approximately 25 miles 
using a standard tele- 
Phone pair. 


PUMPS VALVES CARTRIDGE STARTERS ‘‘ BREEZE ”’ 


CE6. 
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WIRING 


PV 14 Wide band aerial amplifier enabling up to ten 


communication receivers to be operated from one 
common acrial system. Handles large signal inputs 
without overloading or cross-talk becoming excessive. 


Low noise factor. Available for 75 or 600 ohm inputs. 
Designed to International Aeradio Specification. 
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annually. 


Societys Gold Medal 

The highest honour which the Society can 
confer for work of an outstanding nature in 
aeronautics. 


Society’s Silver Medal 


Awarded for work of an _ outstanding 
nature in aeronautics. 


Society’s Bronze Medal 


Awarded for work leading to advance in 
aeronaulics. 


British Gold Medal for Practical Achieve- 
ment in Aeronautics 

Awarded for outstanding practical achieve- 

ment leading to advancement in aeronautics. 


British Silver Medal for Practical Achieve- 
ment in Aeronautics 

Awarded for practical achievement leading 

to advancement in aeronautics. 


Wakefield Gold Medal 

Awarded annually, at the discretion of the 
Council, to the designer or inventor of any 
apparatus tending towards safety in flying. 


The George Taylor (of Australia) Gold 
Medal 

Awarded annually, at the discretion of the 

Council, for the most valuable paper read 

during the previous session. 


Simms Gold Medal 

Awarded annually, at the discretion of the 
Council, for the most valuable contribution 
read before, or received by, the Society on 
any subject allied to aeronautics, e.g. 
structures, meteorology, metrology, etc. 


Herbert Akroyd Stuart Memorial Prize 
Awarded at the discretion of the Council 
for the most valuable contribution read 
before, or received by, the Society on applied 
thermodynamics. 


Edward Busk Memorial Prize 


Awarded annually, at the discretion of the 
Council, for the most valuable contribution 
read before, or received by, the Society on 
applied aerodynamics. 


Orville Wright Prize 
Offered annually for the best contribution 
on some subject of a technical nature in 


THE SOCIETY’S AWARDS 


The Society offers a number of valuable awards, most of them 
Full particulars of the conditions attaching to these 
awards may be obtained on application to the Secretary. 


connection with aeronautics, which is 
received by the Society and published in The 
Aeronautical Quarterly. 


Pilcher Memorial Prize 


Awarded annually, at the discretion of the 
Council, for the most valuable paper read by 
a Graduate or Student during the previous 
year at any meeting of the Society or its 
Branches. 


Usborne Prize 


Awarded annually, at the discretion of the 
Council, for the best contribution to the 
Society’s publications written by a Graduate 
or Student on some subject of a technical 
nature in connection with aeronautics. 


R. P. Alston Memorial Prize 


Awarded for practical achievement asso- 
ciated with the flight testing of aircraft. 


Major Baden-Powell Memorial Prize 


Awarded to the best entrant 
Associate Fellowship Examination. 


Wilbur Wright Memorial Premium 


The Wilbur Wright Memorial Lecture is 
held annually, a premium of £75 being 
awarded to the lecturer, if British, or £125 if 
he is an American, invited by the Council 
to deliver the lecture. The lecture is usually 
given alternately by an American and an 
Englishman, and is the most important 
aeronautical lecture of the year. 


in the 


British Commonwealth and Empire Lecture 


The British Commonwealth and Empire 
Lecture is delivered annually by a lecturer 
chosen in alternate years from the British 
Dominions and Colonies and Great Britain. 

The British Commonwealth and Empire 
Lecture has a premium of £50 and in the 
case of lecturers from the Dominions and 
Colonies an allowance is paid towards the 
lecturer’s expenses. 


Branch Prize 

The Council offer an annual prize of 
twenty guineas for the best paper read before 
the Branches during the previous lecture 
session. The prize is open to any member of 
the Society or of any Branch. 
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1837-1951 


EXPERIENCE & DEVELOPMENT 
IN HIGHEST QUALITY STEELS 
Steels for High Duty, Firth OF ALL GRADES 


Brown's contribution to in- 
dustry is world wide, whether 
it be steels for engineering, 
shipbuilding, automobile, air- 
craft, road and rail trans- 
port or for the most minute 
mechanisms of the precision 
engineering industries. Firth 
Brown Steels were used in 
the production of the main 
propelling machinery forg- 
ings on the Caronia. 


LIST OF PRODUCTS 


Forgings—Light and Heavy 
for special general 
engineering. 


Forged Steel Drums and 
Pressure Vessels. 


Hardened Steel Rolls. 


Carbon and Alloy Steel Bars 
and Billets. 


Tyres and_ Laminated 
Springs. 


High Speed and Tool and 
Die Steels. 


Steel Castings. 


Write for the Firth Brown 
Buyers’ Guide for further 
particulars. 


THOS. FIRTH & JOHN BROWN LTD, SHEFFIELD ~ 
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THE RELATIVE MERITS OF CENTRIFUGAL 


AND AXIAL COMPRESSORS 
FOR AIRCRAFT GAS TURBINES 


A DISCUSSION LED BY 


E. S. MOULT, B.Sc., Ph.D., F.R.Ae.S., M.I.Mech.E. 
and 
H. PEARSON, B.A., A.F.R.Ae.S. 


A Discussion, at which four short papers were presented, was held by the Royal 
Aeronautical Society on 7th December 1950 at the Institution of Civil Engineers, 


Great George Street, London, S.W.1. 


Major G. P. Bulman, C.B.E., F.R.Ae.S., 


President of the Society, introduced the two main speakers, Dr. E. S. Moult, B.Sc., 
F.R.Ae.S., M.I.Mech.E., Chief Engineer, The de Havilland Engine Co. Ltd., and 
Mr. H. Pearson, B.A., A.F.R.Ae.S., Chief Performance Engineer, Gas Turbine 


Department, Rolls-Royce Ltd. 


Dr. Moult was supported by Mr. J. L. Brodie, A.F.R.Ae.S., M.I-Mech.E., 
Hon.M.L.A.E., Director in charge of Engineering Division, de Havilland Engine 
Co. Ltd., and Mr. Pearson by Mr. A. C. Lovesey, O.B.E., B.Sc., F.R.Ae.S., Chief 


Development Engineer, Rolls-Royce Ltd. 


THE CENTRIFUGAL COMPRESSOR — Dr. MOULT 


The suitability of a piece of mechanism 
for a given job depended both on the nature 
of the job and on the solution offered. In 
aviation they had to consider performance, 
time of development, cost in production and 
serviceability in its widest sense. It was 
proposed to review these different aspects as 
they applied to the compressors for aircraft 
gas turbines. 

The function of the compressor was to 
take in the appropriate amount of air 
required by the engine and to compress it 
through the chosen pressure ratio as 
efficiently as possible. For this purpose the 
centrifugal compressor was unbeaten in the 
sense that it gave the highest pressure rise in 
a single stage. On this fact depended its 
simplicity and robustness. 

As regards efficiency, it was agreed at the 
outset that the axial compressor led by a 
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few points at its design condition. Neverthe- 
less, its pressure and volume characteristics 
were sharply tuned and it was more difficult 
to hit and to hold the optimum. Axial 
blading was very sensitive to changes of 
incidence and in flight a wide range of loads 
and speeds must be covered. In the interests 
of stability there must be some sacrifice of 
efficiency at certain points. 


By contrast, the centrifugal machine had 
more accommodating characteristics and 
experience indicated that it would maintain a 
high efficiency over its whole working range 
without the addition of any special stabilising 
devices. Again there was strong evidence 
that the centrifugal compressor was less 
susceptible to the effects of Reynolds’ number 
than the axial, which might lose five or 
10 per cent. in efficiency between sea level 
and 40,000 ft. altitude. The axial could not 
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help this, but the point he wanted to make 
was that there was a world of difference 
between what might be called the effective 
operating performance and a figure of thrust 
or consumption taken on a test bed. 


Figure 1 compared the pressure/volume 
characteristics of two actual compressors of 
similar pressure ratio. The mass flows had 
been adjusted to correspond at 100 per cent. 
r.p.m. On the same curve was indicated a 
typical engine operating curve, firstly with the 
aircraft at rest (ram ratio=1) and secondly 
at a forward speed giving a ram ratio of 1:5. 


It would be noted that the axial charac- 
teristics were steeper than those of the 
centrifugal so that there was a greater 
change of pressure and of efficiency as the 
working point moved in accordance with the 
conditions of operation. Moreover, it was 
not permissible to operate a compressor to 
the left of the surge lines and the margin 
between this limit and the operating point 
was less for the axial than for the centrifugal. 
Conversely there must be a greater drop in 
the performance of an axial for an equal 
margin of stability. This margin of stability 


was of great importance for high altitude 
operation and for conditions of rapid 
acceleration. 


In the matter of size, the diameter of the 
conventional centrifugal compressor for 4 
given rate of air flow was usually larger than 
that of the corresponding axial unit. This 
might or might not matter according to the 
arrangement of the installation. For 
example, it was not possible to reduce the 
diameter of the fuselage of the Vampire 
which was already about the minimum to 
give the necessary room for pilot, guns and 
so on. Again, in the case of the Comet the 
drag of the four nacelles was less than two 
per cent. of the total drag of the whole air. 
craft and the room for improvement in this 
direction was obviously negligible. Recent 
developments showed that it was possible at 
least to halve the frontal area of existing 
centrifugal compressors, while retaining the 
same through-put and so the same engine 
output in terms of thrust or b.h.p. In fact, 
the present position was that the designer 
had reached the stage where he was 
embarrassed not by the size of his 
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Comparison of compressor characteristics, typical axial and centrifugal compressors 
of equal pressure ratio. 
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sompressor, but with the problem of housing 
, turbine and combustion system capable of 
jealing with the available mass flow. 

Figure 2 compared in outline a typical 
axial engine and a possible centrifugal engine 
of equivalent air mass flow and thrust output. 
The centrifugal engine indicated was based 
on the development work mentioned and it 
would be noted that the difference in bulk 
was negligible. The diagram represented 
what was currently possible and in neither 
case indicated the ultimate that might be 
achieved. 

It had been said that the design of a cen- 
trifugal compressor was not an exact science. 
Be that as it may, there existed a wealth of 
experience with centrifugal compressors on 
which the designer might draw with con- 
fidence and it was seldom that any major 
change in design was necessary during 
development. The aerodynamics of an axial- 
flow compressor might be fairly well estab- 
lished for the early stages of compression, 
but there was a pronounced deterioration of 
flow in the later stages. Moreover, the best 
results from a gas turbine were attained only 
when the compressor and turbine were so 
“matched” that both components attained 
their peak efficiency simultaneously. The 
sharp characteristics of the axial made this 
matching process more difficult and it was 
not uncommon for an axial compressor to be 
te-bladed many times before it attained its 
designed performance and was free from 
other vices. 

All compressors were subject to an 
unstable condition of operation known as 
“surging” if their mass flows were reduced 
below a certain critical value. It was perhaps 
unfortunate that the point of maximum 
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efficiency lay near the surge line for most 
compressors and, with the axial’s narrow 
operating band, it was difficult to steer a safe 
course between instability on the one hand 
and good efficiency on the other. 


To pressurise the cabin or to de-ice the 
airframe it was convenient to bleed off air 
from the compressor in quantities that varied 
with the circumstances. This was straight- 
forward up to about 10 per cent. flow with 
the centrifugal, but was much more critical 
with an axial. 


Anything that tended to vary the mass flow 
from the chosen value led to trouble and so 
they had blow-off valves, variable incidence 
guide vanes, variable propelling nozzles and 
other strange devices that were used as 
palliatives, or even as prime essentials. He 
had seen an axial suddenly stall and stop 
because a little ice formed over the intake 
guard and partly obstructed the air flow. 
He was told that another axial emitted a ball 
of flame and stopped if it were opened up 
suddenly during an approach. 

Those were serious problems which might 
not be insuperable—but they did add to the 
development time, which was always a vital 
question in aviation. Those were a few 
reasons why in Great Britain there were in 
service to-day thousands of centrifugally- 
engined aircraft compared, at most, with a 
few dozen aircraft with axial-flow com- 
pressors. 

In matters of manufacture and serviceabi- 
lity there were others more qualified to speak 
than he. On the basis of similar outputs the 
cost of the axial flow engine, whether 
reckoned in terms of cash or of man hours, 
was perhaps twice the cost of the correspond- 
ing centrifugal engine. 


Fig. 2. 
Comparative outline drawings of axial and centrifugal engines of equal thrust. 
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Undoubtedly this price difference lay mainly 
in the problems of manufacture and the satis- 
factory retention of large numbers of fixed 
and moving compressor blades. Extremely 
fine limits of accuracy were essential for good 
performance. 


By the term serviceability was meant the 
ability to continue the allotted function with- 
out loss of efficiency or danger of mechanical 
breakdown. Whatever they might wish, air- 
craft power plants could not be wrapped in 
cotton wool for their whole working lives; 
they must be able to withstand the variations 
of atmosphere and climatic conditions, in 
addition to the thermal, mechanical and 
aerodynamic loads to which they were 
submitted. 


It was here that the centrifugal compressor 
scored so heavily by virtue of its simple and 
robust construction. The sturdy impeller 
was practically immune to the effects of 
vibration, dirt, snow or ice and it continued 
to give unimpaired performance after many 
hundreds of hours’ service. For example, a 
Goblin engine was run on a series of combat 


Fig. 4. 
This photograph illustrates the damage suffered by the 2 in. hailstones hitting a Vampire in 
flight in Switzerland. The pilot reported no irregularity of operation and the impeller, which 


was subsequently examined, suffered no damage at all and is still in use. 
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gcles for over 1,200 hours and at the end 
gave performance figures showing negligible 
fall-off and well within the acceptance limits 
fora new engine. An axial compressor with 
its precise aerofoil surfaces was much more 
susceptible to the effects of dirt and abrasion. 
Losses of five and even 10 per cent. had been 
experienced in the course of a type test of 
150 hours’ duration. 


No one would deny that the vibration 
problems in the blading of an axial com- 
pressor were much more complex and 
difficult of solution than those in a centrifugal 
impeller. Each blade had many forms of 
vibration and there were many types of blade 
even in a single compressor. To dodge all 
resonant frequencies on all blades in the 
whole speed range was well-nigh impossible. 
In fact, the problem of holding those fre- 
quencies and of exploring all possibilities 
during the period of development testing 
itself was a formidable one. Moreover, there 
was the problem of root fixation and its 
stress concentrating effects on both blades 
and discs. 


Experience had shown the centrifugal 
compressor to be particularly resistant to the 
effects of snow and ice. Because of its speed 
and working temperature ice would not stick 
to the impeller in quantities likely to affect 
performance: in fact it would digest even 
sizeable lumps of ice and would only object 
if the inhaled masses were of such size and 
weight as to cause serious bodily harm. 
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Figure 3 was a photograph taken of the 
interior of a long aircraft intake fitted to a 
Ghost engine in the course of ice protection 
tests. Heavy accumulations of ice would be 
noted on the lip of the intake and as a thick 
longitudinal patch. The piece of this patch 
which could be seen broken away was about 
2 in. thick and 2 ft. long. Presumably it 
achieved a considerable velocity at the 
moment of impact with the rotating impeller. 

A lump of ice of six or seven pounds 
weight had been inhaled some time ago by a 
Ghost engine. Apart from causing a 
momentary hiccup there was no permanent 
damage and the particular impeller con- 
tinued in regular use. They had experience 
also of damage suffered by a Vampire when 
flying into a storm over Switzerland when 
hailstones of over two inches in diameter 
seriously battered the airframe and intake 
ducts, but the impeller was undamaged and 
the engine continued to function normally 
(Fig. 4). 

In Canada a squadron of Vampires in a 
formation take-off flew through a dense flock 
of hundreds of birds and continued on its 
mission. The official report stated that the 
engines operated normally after a_ short 
period of rough running, and concluded with 
the words: “It appears therefore that the 
Goblin II engine can swallow birds without 
damage or effect on performance.” He 
hesitated to think what could have happened 
to present-day axial compressors under 
similar circumstances. 


THE AXIAL COMPRESSOR — Mr. PEARSON 


INTRODUCTION 


There were probably not a few among the 
audience who had had close connections 
with the development of the axial compres- 
sor over a much longer period than he, and 
who had consistently advocated it when 
much more work was being done on 
centrifugal development. To them he could 
only apologise and quote that “there is more 
joy in heaven over one sinner that repenteth 
than over 99 righteous persons.” 

He would like to congratulate Dr. Moult 
for his masterly rendering of what was 
obviously a bad case. He hoped the audience 
would not allow their judgment to be swayed 
from the main facts of the case by the pure 
debating skill of either side. 


In certain respects he was specially fitted to 
pronounce a balanced judgment in this dis- 
cussion because he had been connected with 
the development of both types of compressor, 
and indeed his firm was still working on both 
types. On the other hand his opponent’s firm 
seemed so far to have made up their minds 
on one line only, but it would not surprise 
him as a result of this discussion, to find them 
coming out with an axial compressor in the 
near future. 


He had been a great believer in the past in 
the centrifugal compressor, and he considered 
that belief had been well justified in the re- 
markable achievements that had been made 
in the jet engine from this development. He 
had no doubt that at the present time there 
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Mass flow per unit frontal area. 
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were many uses for both types of turbine 
engines with axial or centrifugal compres- 
sors, but in reviewing the possibilities of the 
greatest possible performances and especially 
jooking to the future development of those 
compressors, it had been increasingly borne 
in on him in the past few years that the axial 
compressor easily had the ultimate advantage. 

In considering the characteristics of the 
compressor for aircraft gas turbine work, it 
seemed to him that the following factors had 
to be considered : — 


(a) Efficiency 
(b) Air Mass Flow per Unit Frontal Area 
(c) Weight and compactness for given duty 
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(d) Flexibility 
(e) Reliability 
(f) Cost. 

He hoped in the limited time available, to 
deal with the first four and that in supporting 
him Mr. Lovesey would deal, among other 
matters, with the last two factors. 


(a) Efficiency 

It was generally a by-word that axial com- 
pressors were the more efficient, but to 
emphasise this point he had prepared Fig. 1 
to show the summary of their data for both 
types at various compression ratios. The 
mean curves were based on a wealth of test 
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Comparative range of axial and centrifugal compressor characteristics. 


data of their own and on published results 
of other firms, but in this figure and in his 
others security and simplicity had forced him 
to remove many otherwise interesting points 
from the curves. It was their general con- 
clusion that at almost any compression ratio 
up to at least 7:1 they could reckon on 
7 per cent. better efficiency from the axial 
compressor. 


Why should this inherently be so? The 
centrifugal people had always been saying 
how well they could do if only they could 
concentrate more work on basic problems of 
the blower, e.g. the inducer vanes and the 
diffuser losses and so on. Far more work in 
the past ten years had been done on the 
centrifugal than on the axial and their 
experience pointed to the fact that this gap 
would remain, assuming a fair proportion of 
work on both sides. The reason appeared to 
him to be inherently in the method of doing 
the work; in the axial the air was given a 
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small amount of velocity and this was then 
diffused to pressure and this process repeated 
many times. In the centrifugal the work was 
all done at one go, so to speak. This would 
be all right if all the losses remained propor- 
tional to the velocity squared, but unfortu- 
nately the velocities at the impeller tips were 
so high that the consequent diffuser losses 
were out of all proportion. To reduce those 
velocities so that the losses were reasonable 
would require so much more work from the 
centrifugal as certainly to make it non- 
competitive with the axial compressor. 


Furthermore, the normal arrangements for 
the centrifugal compressor were such as to 
make the losses in the components higher for 
the same incident velocities as the axial com- 
pressor. For example, the deflection required 
in the inducer vanes was usually about 60° 
and the deflection in the diffuser some 75’. 


To escape from those limitations required 
changes in some other components, such as 
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Characteristics of centrifugal and axial type compressors designed for the same 
compression ratio. 
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the impeller, which would decrease their 
efficiencies and attempts in this direction 
had certainly met with little success. 


(b) Flow per Unit Frontal Area 

The advantages of low frontal area might 
be arguable when engines were installed in 
the fuselage of already large aircraft, but 
with the great increase in speed and the 
possibility of supersonic flight, and particu- 
larly in wing installations, the accent was 
quite definitely on low frontal area. It was 
here that the axial had its greatest advantage, 
which came from the fact that the whole area 
of the compressor was used for intake flow, 
whereas this could not be the case for the 
centrifugal. Fig. 2 showed a comparison 
between actual axial and centrifugal com- 
pressors, in this respect plotted against date. 
This showed the axial compressor to pass 
some three or more times as much air as the 
centrifugal. Here again the centrifugal 
experts were constantly saying what they 
could do if only, etc., etc. One great claim 
was the reduction in diameter if the diffuser 
were carried out in an axial direction. He 
had allowed for this therefore by calculating 
the frontal area, assuming that the air was 
turned over directly from the tips of the 
impeller in the least possible space. It 
would be seen from the extra curve that this 
at best only made the centrifugal about half 
as good as the axial. It must be conceded 
then that the axial compressor won hands 
down on frontal area. 


(c) Weight and compactness for a given duty 

The axial compressor might be slimmer; it 
was usually longer up to the limit of com- 
pression ratio of a single stage centrifugal. It 
had been claimed that this led to a more 
compact centrifugal and a reduced weight for 
this type. Weight was a difficult subject to 
argue about logically, being so subject to the 
ingenuity of the designer and the metallur- 
gical techniques available and also, he had 
found it difficult to obtain real information 
from a variety of sources. The bulk was 
more a subject of calculation, being largely 
aerodynamically limited and, in his opinion, 
it was the ultimate controlling factor in 
weight. If volume occupied by a compressor 
for a given power were considered, this 
would be a useful method of comparison. 
Unfortunately as many of them knew, the 
ratio was directly susceptible to the square 
cube law when scaling and this would not be 
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satisfactory when comparing compresso; 
over a large range of size. 

On Fig. 3 he had plotted the useful powe 
divided by the cross sectional area, i.e, th 
area of the compressor seen on a drawin 
and it would be appreciated that this was ; 
somewhat ingenious method of comparin 
compressors independently of size. : 


Figure 3 showed that the two types g 
compressor were on a much more even foot. 
ing, but later developments in axials wer 
certainly superior by a factor of 50 per cent 
Here again the superiority of the axid 
compressor was evident. Attention was begin. 
ning to turn to the possibilities of the super 
sonic axial compressor; in this case it wa 
probable that some large sacrifice in 
efiiciency would have to be made (say ty 
make them comparable to the centrifugal in 
this respect), but without any sacrifice o 
frontal area, extremely high values of specific 
useful power might be achieved, as indicated 
hopefully on the figure. 


(d) Flexibility 

By flexibility was meant the ability of the 
compressor to operate satisfactorily away 
from its design point so that the engine 
could run at reduced speed, accelerate with- 
out surging, and so on. This was an 
especially difficult subject, since compressors 
of a given type varied in this so much. 
Certainly if extremely high range of mass 
flow at a given speed were required, then the 
centrifugal was generally the best, but this in 
itself was not a useful requirement for gas 
turbine engines. It was the position of the 
characteristics at various speeds that mattered 
and the range of efficient operation of the 
outlet conditions. In this respect it might be 
shown that the axial compressor at the same 
compression ratio was not inferior to the 
centrifugal as was shown by Fig. 4, in which, 
although the range of the axial compressor 
was much less on inlet conditions, it 
possessed a similar range on outlet conditions 


He had also made a direct comparison of 
two actual compressors at the same cof. 
compression ratio and scaled to the same 
flow in Fig. 5. Their relative sizes for th 
two types might be seen and their charac 
teristics and jet engine working lines wert 
also shown. Both characteristics were sult: 
able for the engine. The axial might be 3 


little stickier on acceleration at low speeds, 
while the centrifugal would be worse and 
might even surge under altitude conditions. 
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Either of these possibilities might be avoided 
by working rather farther down the charac- 
teristic, or by other ingenious devices. An 
eminently suitable compressor of either type 
was shown but the axial was much more 
efficient, had rather less than half the frontal 


t} area and considerably less bulk. 


CONCLUSION 


He would like to conclude with some 
remarks as to why he believed the axial com- 
pressor must develop more than the centri- 
fugal, provided that a reasonable proportion 
of work was expended on both types. 

Firstly, the axial compressor could be split 
up stage by stage, its separate performance 
analysed and even tested separately. The 
detail flow at all stages could be examined by 
well known methods. This possibility of step 
by step development had always been found 
a great advantage and was the reason why 
gas turbines had developed so rapidly, 
because the compressors, combustion cham- 
bers, and turbines were readily separated and 
examined on rigs. Further, it was possible 
without serious discrepancy to idealise the 
problems somewhat and make rig tests of the 
blading in the form of cascades of blades and 


this technique had enabled a thorough know- 
ledge of the behaviour of axial compressor 
blading to be established. The complete 
application of this knowledge to the three 
dimension problem was by no means perfect, 
but great benefits to performance and 
efficiency had already been realised. No 
such analysis or breaking down of a centri- 
fugal blower was really possible, as each 
part essentially demanded the presence of the 
others, for even an approximately correct 
functioning. 

Secondly, he believed the axial compressor 
to be in the direct line of general aerodynamic 
development. All the concepts and methods 
of wing theory were readily carried over to 
axial compressor blade rows. The improve- 
ments in high speed wings from the study of 
boundary layers had their equivalent in blade 
theory and he believed that equal improve- 
ments were obtainable. No such condition 
existed in the centrifugal blower whose pro- 
gress must rest on a large number of ad hoc 
tests, guided by good general aerodynamic 
knowledge, but no more. 

He would leave to his colleague, Mr. 
Lovesey, the subjects of reliability and cost 
and the practical results being achieved with 
axial compressors, both on test and in flight. 


THE CENTRIFUGAL COMPRESSOR — Mr. BRODIE 


Nowadays, with large engine projects, it 
was practically impossible for any engine 
manufacturer to carry the full cost of design, 
manufacture, and development, from his own 
finance. For the adequate completion of 
such projects Government assistance was 
sought and obtained, as a general rule. It 
was probably true to say that such large 
engines could not be developed economically 
to production standards to satisfy purely the 
relatively small civil market and in practically 
all cases of which he had knowledge, the 
military outlet for these engines was pre- 
dominant and was the prime reason for 
obtaining official financial support. 

If an engine were designed and developed 
as part of a military weapon, its manufacture 
in time of war must receive first considera- 
tion. From this point of view there were 
quite serious criticisms to be levelled against 
the axial compressor. Its multiplicity of 
small, very accurately manufactured blades 
and discs made this unit expensive, from the 
point of view of man hours utilised. It would 
seem, when discussing the two types of 


engine, with all things being equal, it was 
only in the compressors themselves that such 
differences existed as to make one a serious 
production problem and the other just a pro- 
duction problem. He did not propose to 
discuss, therefore, any further section of these 
engines in this criticism. 

In an obviously inspired paper in one of 
the national weekly aviation papers a closely 
reasoned statement called aptly “ Two Edged 
Blades ” suggested that if three quarters of all 
military types of aircraft were fitted with axial 
type engines, a monthly output of some 54 
million blades, of varying shapes and sizes, 
would have to be envisaged. There was little 
doubt that in terms of man hours of work, 
factory space, and capital equipment, this 
would mean a major national problem. 
Even half this number would be a headache. 

Not a great deal was known in Great 
Britain about the really big production of 
axial flow engines, but he was assured 
by people in other countries who had 
experience of side-by-side manufacture of 
centrifugal and axial flow engines of equal 
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power output, that the axial was at least twice 
as expensive to produce in large quantities. 

For some years detailed studies had been 
made of various forms of axial flow engines 
and production experts, covering an immense 
amount of ground, had spent a great deal 
of time in establishing costs from various 
methods of production. The close-to-size 
forging was today probably the most 
economical method of producing compressor 
blades and in this matter they were well 
advised on current practice in this country. 
For an axial of, say, twelve stages, by 
duplicating blade forms as much as possible 
and cropping them to suit their individual 
stages, at least sixteen sets of dies would be 
required per engine. Those dies cost 
approximately £500 to £600 each and the 
production of blades from them would be 
roughly as follows :— 


Aluminium 3,000 per die 

Aluminium Bronze 1,500 per die 

High temperature steel Between 300 and 
500 blades per die 


The cost of those forgings would vary 
between 5/- and £3 each. In addition, they 
would require machining on the root attach- 
ment and leading and trailing edges and tips, 
involving 0.25/0.50 man hours of work per 
blade. Their limits of accuracy would 
probably be of the order of 0.004 in. to 
0.006 in. as an envelope of the blade form. 
He would leave them to work out the cost of 
producing 1,500/2,000 of those things per 
engine. It would seem that considerable 
increase in skilled labour staffs would be 
required in the Tool Room to manufacture 
dies, in addition to those required in the 
Machine Shops for final machining of blades. 
On the other hand the die cost for a centri- 
fugal impeller would be approximately 
£2,500/£3,000 with a life of many hundreds 
of forgings which would cost approximately 
£100 each. 


He thought it was true to say that axial 
compressor blading was manufactured in 
Great Britain generally on adapted standard 
machine tools and very little had yet been 
done to develop specialised machine tools 
capable of handling, with the necessary 
degree of accuracy, the phenomenal quantities 
required. Many interesting developments 
were afoot and he had little doubt that in the 
course of time much would be done by pro- 
duction and machine tool experts to narrow 
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the gap in production time between the two 
types of engine, but this would take time, and 
in a country’s pressing need during an 
emergency, time was at a premium. 


It had been estimated that to produce an 
equivalent number of axial flow engines to 
centrifugal engines, approximately twice the 
factory floor area would be required for the 
former and nearly four times as many 
machine tools. Inspection of parts alone 
raised no mean problem as, over and above 
dimensional and weight checks, he had heard 
that in certain rather temperamental axial 
compressors it was necessary to do a 
vibration check on each blade prior to its 
assembly, in order to ensure that failures due 
to vibration fatigue would be reduced to a 
minimum. This check was made on finished 
machined blades and the scrap rate from it 
was reported to be high. 

On the subject of serviceability he had no 
direct experience in the handling of axial flow 
engines and his information, therefore, was 
mostly second-hand. As Dr. Moult had 
already mentioned they had, over the years, 
ample proof of the magnificent digestive 
system of the single-sided centrifugal com- 
pressor. He had a deep certainty that had 
some of the material which, to his knowledge, 
had passed through this type of engine with- 
out serious damage, attempted to pass 
through any of the axial flow engines which 
he knew, massive damage would be the result 
in the latter. He considered that this question 
of vulnerability of the axial compressor was, 
and probably would remain, its greatest 
weakness. Retracting guards on air intakes 
might provide a palliative but were useless 
in combating the effect of ice or hard objects 
met in flight. 

Another matter which he thought should 
be mentioned again was the loss of per- 
formance over extended periods between 
overhauls. It was known that the drop 
in performance due to the fouling of the 
compressor was higher in respect of the 
axial and he felt sure that the advantage of 
the type in fuel consumption would be pro- 
gressively reduced due to this cause. 

He was aware that methods were being 
developed for cleansing axial compressors 
after periods of running, but while such 
methods might cope with adhering dirt they 
did not remove the erosion of the blading 
surfaces which came after many hours of 
operation, and a decreasing return was 
obtained from each subsequent cleansing. 
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THE AXIAL COMPRESSOR — Mr. LOVESEY 


They had heard an excellent analysis of 
the advantages of both types of compressor, 
but they were not called upon to make a 
decision on which type made the better 
engine based on this information alone 
because, in Great Britain they had in produc- 
tion and in service, engines with both types 
of compressor. 

He proposed to review briefly how engines 
with axial compressors confirmed the claims 
put forward by Mr. Pearson, and how, in 
practice, the axial compressor stood up to 
some of the criticisms levelled against it. 

The data he had was based on some 8,000 
hours’ running, of which 2,500 hours were in 
flight. 


(a) Efficiency 

It could not be disputed that the axial jet 
engine, at the present state of development, 
gave substantially better fuel consumption 
than the centrifugal engine under all con- 
ditions. By all conditions, he referred to 
very complete measurements taken in flight 
over a Wide speed range and up to an altitude 
in excess of 50,000 ft. As an example he 
could quote two engines of somewhere near 
the same thrust, in which the axial engine 
gave 17 per cent. lower specific consumption. 
As an indication of what this meant, the 
difference in the measured amount of fuel 
used on a 150 hour development test under 
type test conditions was of the order of 
13,000 gallons in favour of the axial type. 
It would be seen that it did not take long for 
the axial type to save on the fuel bill the 
difference in the initial cost between the two 


types. 


(b) Flow per |b. frontal area 


Mr. Pearson put forward the case of low 
frontal area and, in support of this, he could 
say that a test was made on a modern 
aeroplane with wing installations of both 
centrifugal and axial jet engines in which the 
nacelles were tailored to the respective types. 
The range of the aircraft was reduced by at 
least 20 per cent. because of the difference 
between the specific consumption and the 
Increased drag. He knew the critics would 
say that a number of other factors should be 
taken into consideration, but all they 


amounted to were excuses for the centrifugal 
type, and he did not know of a single case 
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Fig. 1. 
Acceleration characteristics of an axial jet engine. 


where excuses had to be offered to justify the 
axial engine. 


(c) Weight and compactness 


For this aspect he would give an example 
of the two types of engine which had 
reached the same standard of development, 
i.e, capable of running a satisfactory 150 hour 


Fig. 2. 


Avon 5 icing tests, showing size of ice cubes (14 in.) 
passed through the compressor, relative to the first 
stage rotor blades. 
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Fig. 3. 
Icing tests on an axial engine in a Lancastrian. 


test under type test conditions. Both gave 
exactly the same specific weight figure of 
0.282 lb. weight/per lb. of thrust, and both 
engines operated at the same flame tempera- 
ture. 
axial gave 70 per cent. greater thrust per sq. 
in. of frontal area than the centrifugal. 


(d) Flexibility 

There was a general impression that axial 
engines were less flexible from the pilot’s 
point of view than the centrifugal. This was 
probably true in a number of cases but they 
were making axial engines that had better 
handling qualities, both on the ground and 
in flight, than any centrifugal engine that 
was flying today. 

Acceleration times, from idling to maxi- 
mum thrust, of five seconds were being 
obtained on the ground, and between three 
and four seconds in flight. 

It had not been an easy task to achieve 
this result, but the criticism of inferior 
handling properties could not now be used 
against an axial engine. 


(e) Reliability 


Experience obtained during 8,000 hours 
development running of an axial jet engine, 
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One important difference was that the | 


Ice build up in axial compressor. Conditions :— 
—10°C., water concentration 0.6 gm./cu. metre, 
12,500 ft., 325 m.p.h. 


including some 2,500 hours in flight, showed 
that generally speaking the reliability was just 
as high, if not higher, than on the centrifugal 
engine. 
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Showing damage before reclaiming Reclaimed blades, satisfactory for further running 
Figs: 5: 
Axial compressor rotating blades. Damaged blades. 


There was a lot of evidence that the axial vulnerable to damage from this source as was 
engine was very much kinder to the com- originally anticipated. 
bustion equipment than the centrifugal, due, It was difficult to assess the relative 
no doubt, to the smoother air flow into the vulnerability of each type of engine due to the 
combustion chamber than was obtained from entry of foreign bodies other than ice. He 
the centrifugal, which had to turn the air could only quote cases where they had had 
through an angle of 90° or more. the steel mandrels used for fitting hollow 
It had been said that the axial must be head rivets go through the compressor. This 
much more vulnerable to the effects of ice; did result in damage to the blades, but the 
but this had not been the case, and very early damage had not been such that it prevented 
in the development they had made some 
drastic tests of feeding 14 in. cubes of ice 
through the compressor, as shown in Fig. 2. 
No damage at all resulted, and the compres- 
sor blades were not even marked. 


Following this, icing conditions were 
simulated in flight on a Lancastrian by 
spraying water into the intake, as shown in 
Fig. 3. 


During those tests ice frequently became 
o~ from the spray grid, but no damage 
resulted. 


Continued application of the water spray 
did result in a build up of ice on the inlet 
stator vanes, as shown in Fig. 4, which 
resulted in a loss of thrust up to 20 per cent. 


tre, | Conditions tended to stabilise due to the 
ice becoming detached from the stator vanes, 
again causing no damage to the engine. 
ed | Naturally, some form of de-icing was 
ust | Necessary in order to maintain thrust, but the 
zal} experiments made so far tended to show that 
the axial engine was nowhere near as Fig. 6. 
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Fig. 7. 


the engine operating satisfactorily for long 
periods. In fact when such damage had 
occurred it had not been found until one of 
the periodical inspection periods of the 
engine. The sort of damage caused to the 
blades was shown in Fig. 5, and it had been 
the practice to re-condition engines by filing 
out the damage marks. 


Similar damage resulted to the inducer 
vanes on centrifugal compressors, as shown 
in Fig. 6. 


With the entry of large pieces of steel, or 
stones, he would guess the chances of either 
type in surviving would be more or less 
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Fig. 8. 


(f) Cost 


He had left this item to the last because 
he knew very little about it, which wa 
probably only a little less than anyone else. 
There was no question that the axial type 
engine, in the development stage, was 
infinitely more costly than the centrifugal 
type. At the present moment production 
engines were still considerably dearer to pro- 
duce in the axial form, and compressor 
blades were the chief reason for the higher 
cost. 


Very rapid strides were being made in the 
technique of blade manufacture, and the 
stage had now been reached where blades 
were pressed to size and the only machining 
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operation was on the root fixing and trim- 
ming the leading and trailing edges. 

The only way to cheapen the engine was to 
get committed to production and the cost 
was bound to decrease with the numbers 
produced. He thought that the axial would 
always be a little dearer per Ib. of thrust than 
the centrifugal type. 

Figure 9 represented approximately the 
extra amount of fuel used by one centrifugal 
engine in 500 hours’ flying on typical bomber 
operation, due to the difference in specific 


Major F. B. Halford (de Havilland Engine 
Co. Ltd., Fellow): The discussion had 
carried his mind back about ten years, when 
axial blowers had existed and they had the 
choice to go to either the centrifugal or the 
axial. They were then at war; the axial was 
suggested, but they felt that it would take too 
long to develop. Five years later, in 1945, 
when the war had ended, they were told that 
no more centrifugals were required, and that 
the axial was the engine of the future. 
Today, five years later still, in the Royal Air 
Force there were no axial engines! Dr. 
Moult and he had had to go to America to 
find out something about them in Service 
use; it would have been nice to have stayed 
at home and to have looked at such simple 
and un-costly jobs, which had been developed 
in so short a time, but they could not do 
that! If an official war were to break out 
tomorrow it would be fought largely with the 
centrifugal engine throughout the world. His 
greatest fear was that they might not be able 
to overcome the problems of excessive man 
hours in manufacture; in America the place 


overcome the difficulties of the cost of the 
axial-type engines. 

With regard to the provision of ice guards, 
bullet guards, and so on, the digestion of the 
axial was not so good as the digestion of the 
centrifugal. 


If, as had been said, it had been simple ten 
years ago to develop the axials and to get re- 
sults, where were they in the Royal Air Force? 
One would like the explanation! There were 
several thousand flying in America. On one 
occasion he had asked a Chief Engineer what 
was the specific consumption of axials now in 
use in America, and was told that the 


was being turned upside down in order to — 
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consumption alone. When considering cost, 
this important item must be taken into con- 
sideration. 

If in the future, it should be proved that 
centrifugal engines were the better type then 
all he could say was that they had enjoyed 
their experience with the axials, but, if it 
should be proved that the axial was the better 
and their opponents came forward with an 
axial engine, then he would feel that they 
deserved some credit for converting the 
unbelievers. 


GENERAL DISCUSSION 


lowest figure was 1.05. It was always “jam 
tomorrow,” and the argument came down to 
the centrifugal of today compared with the 
axial of tomorrow. He wanted to see the 
axial of tomorrow, but he wanted to see it 
cheap and easy to make! He felt sure that 
in the next five or ten years that would be 
achieved; but it had not been done at the 
moment. 


In the “starting” figure he could not 
decide how to compare the centrifugal with 
the axial, for the running up had started from 
idling! Presumably the engines were always 
kept running, day and night? 

While their palates anticipated the jam of 
tomorrow, it was wise not to neglect the 
bread and butter of today. 


F. M. Owner (Chief Engineer, Engine 
Division, Bristol Aeroplane Co. Ltd., 
Fellow): He had been privileged to share in 
the development of two engines, using com- 
bined axial and centrifugal compressors. 
The axial could digest large quantities of air 
but needed many stages to produce high 
pressure ratios; the centrifugal, on the other 
hand, could give quite high ratios per stage, 
but could not deal with such large quantities 
of air as could the axial. 


It was rather extraordinary that in the 
discussion so far there had been so much 
insistence on what they had now. For good 
or ill, the die that was cast five years ago 
was resulting in what they had now. But the 
purpose of such debates presumably was to 
enlighten them as to where they should go 
next. 

As one who read the American press no 
less assiduously than the British, it was 
becoming the practice to refer to output in 
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terms of five figures instead of four. Again, 
the space available in aircraft was becoming 
steadily less. It seemed to him, therefore, 
that they could not by any means ignore the 
paramount importance of frontal area. 

The Answer to digestive ability was that 
they must conduct the bolts, overseers’ over- 
coats and similar indigestible material else- 
where; but must make the compressor 
reasonably tolerant. 

The factors of increasing speed, output and 
compression ratio compelled them to go to 
the axial type in the future, whether they 
liked it or not; and whatever the difficulties 
in compounding and other developments in 
the axial to give the characteristics that they 
must have, they must be faced and solved. 


W. H. Lindsey (Armstrong-Siddeley Ltd., 
Fellow): He was convinced when he came to 
the meeting that the thing to do was to make 
axial flow compressors; there had been a lot 
of side-tracking on the subject of the centri- 
fugal, but the fact remained that, if in the 
future they wished to carry heavier loads 
farther and faster than they were today, there 
was no other way of doing it than to resort 
to the use of the axial flow compressor. It 
gave a smaller frontal area than the centri- 
fugal and therefore reduced drag, it gave 
higher efficiency and it could be made to give 
higher compression ratio; and all those 
factors added up to lower fuel consumption. 

It must be agreed that they did not know 
much about operating experience with axial 
flow engines. But, as Mr. Owner had 
pointed out, the purpose of the debate was 
to try to make up their minds on what they 
should be doing now, and not to decide 
whether or not the course taken five years 
ago was then the right one. There was even 
a hint of agreement in favour of axials in the 
remarks made by Mr. Brodie, for it seemed 
that his contribution could be summed up as 
meaning, in a sentence, that axials were the 
better compressors, but they could not afford 
them. 


L. J. Cheshire (English Electric Co. Ltd.): 
Some years had passed since he was con- 
nected with the Aircraft Industry, and 
although at that time he had been fully 
occupied with the development of the centri- 
fugal engine, he had been equally fully 
occupied since in developing the industrial 
axial compressor. 


It seemed a pity that the discussion had 
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been so controversial, because all the partic. 
pants were doing their best in the interests of 
the country to develop the particular type 
of engines in which they believed. Some 
serious decisions would soon have to be mad: 
at a high level; and while noting th 
arguments which had been put forward op 
both sides during the discussion, he could 
not help recalling that for very many year 
the “experts” had been pro-axial. He 
believed it was correct to say that Whittle’s 
first proposals were turned down by two 
Ministries. Fortunately Whittle had had 2 
little money and was very obstinate; in those 
days it was possible to be obstinate for ; 
little money, whereas now it would cost 2 
very great deal and the Ministries were better 
organised! Who would say that Whittle 
was wrong? The astonishing and rapid 
success of the centrifugal engine had given 
the axial compressor people plenty of time to 
make their engine what it had recently 
become; in spite of what had been said by its 
advocates, it was only comparatively recently 
that the axial engine could equal the centri- 
fugal even on specific consumption, but it 
was undoubtedly true that the axial engines 
now being made represented remarkable 
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Low speed tests of flow in impeller channels near 
the tip. 
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achievements. He felt that the problem 
should be considered rather from the point 
of view of the duties the engines had to 

rform. There were. many occasions when 
frontal area was of vital importance, but there 
were others when it was not. 

The centrifugal engine had many virtues, 
and there was no question that it was simple 
to produce. The problem was not merely 
that of choosing between a good engine and 
a bad one; it was a question of having 
available one type of engine or another, or 
both, and if it happened that by the choice 
the capacity of Great Britain to produce 
engines were seriously jeopardised, it became 
of great significance, so that he did not think 
the development of the centrifugal com- 
pressor ought to be dropped. 

Aerodynamicists had always seemed to be 
afraid of the centrifugal compressor problem, 
the general nature of which could be fairly 
simply stated. 

Figure A* illustrated the air flow through 
acentrifugal impeller, to indicate the essence 
of the aerodynamic problem involved. The 
air came through the intake, up through the 
impeller channel and out of the impeller into 
the diffuser system. If the impeller were to 
rotate in the direction shown by the arrow, 
the pressure on the leading face of the vane 
should be higher and the pressure on the 
trailing face should be lower; and since there 
should be equal energy at any given radius, 
that should result in the radial velocity at the 
leading face being lower than at the trailing 
face. Similarly, the total head loss should 
be constant. But what happened in fact was 
very different. There was a radical departure 
from the condition of lower radial velocity 
at the leading face. Those tests, made by 
Mr. A. G. Smith on a low speed rig, showed 
that the flow through the channels of centri- 
fugal impellers was very disordered with 
regions of high static and total head loss; 
and indicated the direction in which they 
should go to cure the trouble with those 
compressors. 

The reasons why the centrifugal com- 
pressor was at present not so efficient as it 
might be were thus quite well known, and he 
felt that the virtues of the centrifugal com- 
pressor — its simplicity, its undoubted 


*Reproduced from “ Design and Development of 
Centrifugal Compressors for Aircraft Gas Tur- 
bines,” L. J. Cheshire, Proceedings of the Institu- 
tion of Mech. E., 1945, Volume 153. 
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reliability and its attractions in other ways— 
were such as to warrant paying significant 
attention to its one major defect, i.e. its 
lower efficiency. More attention should be 
paid to the aerodynamics of the centrifugal 
compressor; it had been neglected con- 
sistently by aerodynamicists in Great Britain 
and in America, but from the point of view 
of their needs in time of war, if from no other, 
it should be tackled, because once they had 
improved that efficiency they would have 
made a reliable jet engine, or propeller 
engine, which would be at least as efficient 
as the axial and would have many other 
attractions. 

No reasons had been given so far why the 
centrifugal should have a lower efficiency 
than the axial. If the centrifugal compressor 
were inherently of lower efficiency than the 
axial, then the aerodynamicists should tell 
them why, and they would give up hoping. 
But they did not tell them, nor did they tackle 
the problem. The problem was extremely 
difficult and the work would be expensive, 
but a lot of money had been spent on axials. 


Hayne Constant (Director, National Gas 
Turbine Establishment, Fellow): He had 
worked for several years on centrifugal com- 
pressors, but about 1936 he had seen the 
light, and the last thing he would like to do 
was to start on the centrifugal all over again, 
as suggested by Mr. Cheshire. He felt that 
they had made a big mistake in splitting their 
forces between the two different mechanisms; 
that mistake had since been rectified, and he 
hoped that no one would start it again. 


It had been a little surprising to hear the 
confession by Major Halford, who had 
looked around the country and the world and 
had said how ill prepared they were for war. 
He had alleged that they had no axials 
capable of going into the Royal Air Force 
yet, and that if there were a war now they 
would have to fight with centrifugals. He 
had also said that ten years ago he had 
been asked to make axials and had refused, 
and that five years ago he was told that the 
axial was the engine of the future, but he still 
went on making centrifugals. 

For some years past quite a lot of people 
had advocated the use of axial compressors 
by Great Britain, and he was glad that that 
was now rapidly making itself 
elt. 

On the technical side, in the comparison of 
axial and centrifugal compressors it seemed 
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that people had tended to be too greedy in 
claiming all the virtues for the axial simul- 
taneously. Most people would admit that 
the axial engine was more efficient than the 
centrifugal. An advantage of 17 per cent. 
had been mentioned by two speakers in the 
discussion; from all the data at his disposal 
he had deduced that the axial engine was 15 
per cent. more efficient than the centrifugal. 
It might be that American axials were not 
much more efficient than the American 
centrifugals; but the best figures that could be 
obtained from a piece of mechanism, and not 
the worst, were always used when making 
comparisons. 


In respect of frontal area he believed 
everyone would agree that the ratio was 
roughly 2/1, in spite of the fact that Dr. 
Moult had produced an outline diagram 
which purported to show that, for a centri- 
fugal and an axial engine of the same output, 
the frontal areas were much the same. He 
would have liked to have seen inside that 
diagram! 

He was surprised that it had not been said 
that the axial engine was as light as the centri- 
fugal, for today it was indeed, at the same 
performance as the centrifugal, lighter. 


By using the axial compressor they could 
achieve either lower weight, or better fuel 
consumption, or less frontal area, or lower 
costs. But they could not expect to achieve 
all those advantages simultaneously; they 
could probably achieve two or three of them 
simultaneously, and equality in the case of 
the remainder. He thought that that was 
good enough. 


E. L. Carlisle (Air Registration Board): 
As an impartial observer he could see both 
the engine man’s side and the airline 
operator’s side; and the axial flow compressor 
might be described as a race horse and the 
centrifugal as a shire horse. In the former 
case they had a delicate animal which had to 
be carefully nursed and pampered; and if it 
could be started, and if the conditions were 
right, it would give a good performance for 
a short time. On the other hand, the shire 
horse was a sturdy, robust animal, which 
would slog away regularly at heavy tasks 
under all conditions, needing a minimum of 
attention and with no fall off in performance. 


They had seen the result of leaving a small 
nut in the air intake of an axial, when a 
shovel had to be used to deal with the broken 
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blades. That nut could be a stone picked up 
on take-off, or a hail stone, or a piece of ice 
encountered in flight; and they had yet to 
prove how successful de-icing was. They 
had also to see the effect of the stronger 
material used for the blades of the first two 
stages in the axial. The clearances were so 
small that it was doubtful whether or not it 
would be the absolute cure. But the centrj- 
fugal type of compressor could swallow small] 
objects without doing expensive harm; 
indeed, it could swallow airmen’s caps with- 
out any bother. They had seen the adverse 
effect on performance of particles of dirt 
adhering to the blades of the axial, and he 
wondered what would be the effect of sand 
on those delicate structures. Its rival had 
none of those inhibitions. 


The airline operator would have to make 
up his mind whether or not he was going to 
spend his money on expensive machines, 
entailing large quantities of expensive spares 
which would need elaborate maintenance, 
and special handling as a power plant and 
aircraft on the airfield, for some slight 
improvement of performance; or on a robust 
engine which needed a minimum amount of 
attention, had no expensive expendable items, 
and which required no special handling, but 
would give regular performance in the hurly 
burly of airline service. 

As a private individual and not as a 
member of the Air Registration Board, he 
believed that, all utilisation being equal, the 
type of engine which Dr. Moult had 
advocated would attain 1,000 hours’ overhaul 
life long before the axial. 


H. Roxbee Cox (Past-President, Fellow): 
Nearly all the speakers so far were practising 
designers and knew far more about the 
technical points than he did, but he felt that 
from his point of view “on the sidelines,” 
the matter was perhaps not one for contro- 
versy at all! There certainly was a tendency 
to divide into two sides, and there seemed to 
be a cleavage, not only in Great Britain but 
throughout the world, between axials and 
centrifugals. Instead of there being a 
division on the matter, it might be more 
reasonable to suppose that there was a place 
both for the centrifugals and for the axials. 

It would be wrong to assume that the 
whole trend of development would be 
always towards bigger and bigger engines 
and hence, vide Mr. Owner, axial compres- 
sors, or towards engines for military purposes. 
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CENTRIFUGAL OR AXIAL COMPRESSORS 


There might be a case for building relatively 
small engines for quite a time to come; 
furthermore, presumably there would be a 
place for civil aeroplanes. Those who put 
forward the virtues of robustness and relia- 
bility had a great deal on their side, and it 
seemed that for certain purposes the centri- 
fugal compressor engine must continue for a 
long time to have a place. He would not 
wish to pour too much oil on the troubled 
waters, because while they were disturbed 
they would probably get more instruction out 
of them than otherwise. But it might be wise 
to admit that there was room for both and 
that they would indeed be wrong in the future 
to neglect the development of the centrifugal 
engine. He sympathised with Mr. Constant’s 
implication that there were not enough 
facilities to enable them to do everything; but 
he believed there were sufficient to enable 
them to continue the work on the centrifugal, 
and he hoped with Mr. Cheshire that some 
further effort would be made to improve a 
type of compressor which he believed would 
pay for being improved. 


G. R. Edwards (Chief Designer, Vickers- 
Armstrongs Ltd., Fellow): He had the some- 
what difficult task of deciding which, among 
the various combination and permutations of 
engines, was the one best suited at any par- 
ticular time to put into an aeroplane. He 
would really like to continue the “oil 
pouring ” which Dr. Roxbee Cox had started 
and say that there was probably a place for 
both axials and centrifugals for some time 
to come. 


It had been said that the stage at which an 
engine became a good civil aircraft engine 
was when it was obsolete; maybe that was in 
accord with Mr. Carlisle’s comment that the 
centrifugal type of engine might well con- 
tinue to be a good civil aircraft engine for a 
long time; he felt that some had been much 
attracted to the centrifugal engine for civil 
aircraft purposes because they knew that it 
was reliable and robust. One of the reasons 
why the development of the centrifugal 
engine had been carried much farther during 
the past ten years than had the development 
of the axial, was surely that the centrifugal 
compressor in a turbine was a_ logical 
development of the centrifugal blower which 
had appeared in so many piston engines. So 
that when they put a centrifugal compressor 
turbine into an aeroplane they were putting 
in a piece of equipment which had been used 


in civil aircraft for a long time with the 
knowledge that it had a certain reliability, 
whereas they did not know how reliable was 
the axial. He would have thought that the 
reliability of the axial compressor, particu- 
larly from the point of view of vulnerability, 
must also be a function of its size; stones and 
pieces of ice were of reasonably constant 
dimensions, and surely the resistance of a 
blade to the impact of such things of constant 
dimensions must be dependent to some extent’ 
on its size. The demonstration by Mr. 
Lovesey of the way in which ice and mandrels 
had passed through an axial compressor was 
a most convincing demonstration of the 
ruggedness of the axial compressor of the 
size discussed. 


The point made by Mr. Constant must be 
fundamental, that they never achieved all the 
advantages all at once and they must assess 
the values of the different types and decide 
which was the best for the particular job in 
hand. If they wanted a high performance 
aeroplane which had to travel a long distance, 
they had to make it small in order to give it 
high performance; that reduced the room 
available for installing engines and, much 
more important, it reduced the amount of 
room available for carrying fuels; it might be 
a physical impossibility to design an aero- 
plane of specific size to travel a certain 
distance unless engines were available of 
proved specific consumption. Events during 
the past year had tended rather to resolve 
themselves into, so far as military aeroplanes 
were concerned, a competition between one 
axial and another, rather than between an 
axial and a centrifugal. 

They ought to derive a great deal of com- 
fort from the fact that they had a constellation 
of engine designers in Great Britain who had 
had sufficient foresight to ensure that there 
were a lot of centrifugal engines available at 
this time, the production of which could be 
expanded very quickly in the event of war at 
short notice; and additionally they had some 
advanced engines which, as Mr. Constant had 
inferred, were probably a good deal better 
than some of the others that were somewhere 
else, and would be very useful for any war 
they might have to fight a little later on. 


Miss A. Kennedy (Companion): With the 
fluctuating availability of fuel which they 
seemed to be experiencing, and judging by 
the demonstration Mr. Lovesey had given of 
the extra fuel consumption of the centrifugal 
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type of engine as compared with the axial, 
the extended use of the centrifugal might 
‘create quite a major problem. 


V. N. Butler (Omes Ltd., Associate): He 
was interested in the manufacture of blades 
and had worked under Mr. Brodie many 
years ago. In Great Britain they had now 
reached a production of 1,000 stainless steel 
blades per die, so that they were a little in 
advance of the condition Mr. Brodie had 
stated and perhaps could be a little more 
optimistic in respect of the production 
of the axial compressor. It must be said 
in all fairness that the forging people had 
not really been put to the test so far as the 
axial compressor was concerned; they had 
never had to produce the very large quantities 
of blades envisaged and had not been 
encouraged yet to go to the high degree of 
mechanisation that might be necessary in the 
future. But they were just as much con- 
cerned as were the engine designers and 
manufacturers in the performance and pro- 
duction of blades, and quite a number of 
forging people in Great Britain were “ bend- 
ing their elbows” in that connection. 


G. L. Wilde (Rolls-Royce Ltd., Assoc. 
Fellow): Mr. Cheshire had said that it was 
difficult to appreciate why the centrifugal 
compressor efficiency should be fundamen- 
tally lower than that of the axial compressor; 
surely, this was due to the high Mach num- 
bers existing in the centrifugal machines used 
in jet propulsion engines. In order to obtain 
4: 1 pressure ratio in one stage there was no 
alternative but to put up with the high 
relative velocities which were now common 
practice, and herein lay one of the chief 
obstacles to raising the efficiency. Funda- 
mentally, therefore, the comparison often 
drawn between centrifugal and axial com- 
pressors was made under conditions unfav- 
ourable to the centrifugal type. 


A relative Mach number of 0.9 onto the 
impeller intake guide vanes was common, and 
at the impeller tip relative to the stationary 
diffuser vanes values of over 1.0 were 
reached. Under those conditions not more 
than 70 per cent. of the kinetic energy at the 
impeller tip could be converted to pressure, 
and this fact was the chief reason for the 
lower efficiency of the centrifugal compressor. 
A pitot tube at the impeller tip gave efficien- 
cies of 85/88 per cent. If they restricted 
themselves to 2 : 1 pressure ratio, single-stage 
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centrifugal units could be made to attain 8&6 
per cent. overall efficiency, but the corte. 
sponding axial would be higher. With regard 
to axial diffusers applied to centrifugal com. 
pressors, it was his experience that anything 
from 5 to 10 per cent. lower efficiency was 
obtained. 

Some effort was being put into developing 
the supersonic axial compressor, but so far 
only efficiencies of the rotor had been quoted, 
Although those were high (in the region of 
85 per cent.) nobody yet seemed to have put 
a row of stator blades behind the rotor and 
to have obtained an overall figure. This was 
badly needed, and it would then be interest. 
ing to see how the figure of overall efficiency 
compared with that for the centrifugal 
compressor. 


MR. PEARSON’S REPLY 


He could claim a little credit for having 
admitted at the beginning of his discourse 
that there was a case at the moment for both 
types of engines. Indeed, his Company were 
making both, and they were not anxious to get 
rid of the centrifugal just yet, for quite a lot 
of money was involved in its development. 
But he maintained that for the future the 
axial compressor held out more scope for 
development. 

For some years all the engine manu- 
facturers in Great Britain who had been 
working on jet engines had prided themselves 
on being in advance of the Americans; that 
was true in respect of axials as well as 
centrifugals, and yet Major Halford, in order 
to find out, must go to America. Also, he 
appeared to have been misguided with regard 
to Reynolds number when in America, 
because quite different information had been 
imparted to others from the same source. 
Tests, made by Rolls-Royce Ltd. under 
altitude conditions, seemed to point to the 
virtue of the axial compressor in that respect; 
but he did not claim that much at the present 
stage because, naturally, it was desired to 
check such things many times. Obviously 
much depended on the scale factor, on the 
particular size of engine used. The case 
which Major Halford and others had put 
for the centrifugal was largely that if they 
had a war immediately they would need 
centrifugals; and it was certain that his firm, 
as well as the Rolls-Royce Company, would 
help. But it was a pity if Major Halford’s 
case needed a declaration of war to support it! 
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CENTRIFUGAL OR AXIAL COMPRESSORS 


Mr. Cheshire apparently thought that 
somebody high up in the Ministry of Supply 
had a difficult decision to make soon, but the 
decision had already been made. 

The Comet had been mentioned. He had 
heard something terrible about it, that it 
would suffer the infliction of the axial engine! 
Perhaps it would then be a better aeroplane! 

Mr. Carlisle put his money on the shire 
horse. He had also referred to the damage 
caused by nuts in axial engines; but nuts 
were more troublesome in development than 
in service. Some trouble had been taken to 
overcome that difficulty in connection with 
axials, and it would be shown eventually that 
the axial was just as reliable in service as 
the centrifugal. Again, it was largely a 
question of size, and he believed that, when 
axials were made sufficiently large, they 
would be as reliable as the centrifugals. 

A reason why centrifugals were relatively 
inefficient had been given by Mr. Wilde, that 
they were spoken of at compression ratios of 
upto only 4: 1. He had deliberately shown 
a figure covering a wide range of compression 
ratios, from 2: 1 to 7: 1 for the two types 
of engine, and throughout that range there 
was a consistent difference of about 7 per 
cent. between the best axial and the best 
centrifugal in respect of efficiency, the axial 
being the more efficient. It was possible to 
show worse results with bad axials and bad 
centrifugals. 

They had the promise that the axial engine 
would be more efficient than the centrifugal, 
smaller in frontal area, lighter and smaller in 
bulk, just as flexible and, taking everything 
into consideration, including the seven oil 
trailer cars, less costly. Therefore, for the 
future he claimed that the axial compressor 
would reign supreme. 


DR. MOULT’S REPLY 


He could not attempt to deal with all the 
points that had been raised; that would 
require a long time, but he hoped that all 
who considered the problem would be swayed 
by deeds and not by words. It seemed from 
Mr. Pearson’s last remarks that the number 
of these oil trailer cars had increased by one 
in the course of the evening! Mr. Lovesey 


had shown a picture of six cars representing 
the extra amount of fuel consumed by a 
centrifugal engine in 500 hours of flying. It 
was doubtful whether certain axials would 
last that long! 


Mr. Pearson had said that the Rolls-Royce 
Company were constructing both types, and 
that was rather an admission. The de 
Havilland Company had had to make a 
decision many years ago, and he was quite 
sure they had taken the right decision at the 
time. They could not afford to back the 
horse both ways, and subsequent events had 
fully justified what was done. 


The discussion had been encouraging. It 
was certainly encouraging on his side because 
both Mr. Cheshire and Dr. Roxbee Cox 
particularly, had said that the centrifugal had 
still some way to go, with which he agreed 
heartily; and it was encouraging also to the 
axial people, because at long last it appeared 
that they were getting somewhere! 


He counselled discretion in connection 
with the figures that had been put forward— 
the axial people were still talking of the “jam 
tomorrow.” For example, one curve, Fig. 2, 
had shown an axial having a mass flow of 
30 lb. per second per sq. ft. of frontal area. 
Perhaps he was not fully informed on such 
matters, but in his ignorance he had thought 
that the current engines had almost achieved 
half that! The particular engine he had 
illustrated in his own diagram had a flow 
intensity of 14 lb. per second per sq. ft. of 
frontal area, and he did not think that was 
doing so badly. Incidentally, he would re- 
assure Mr. Constant that it was intended that 
the diagrammatic centrifugal engine should 
have internal fittings. 


In a recent paper Mr. R. N. Dorey (who 
was not unknown in Derby!) had said that 
their experience had shown that part of the 
price paid for the improved specific fuel con- 
sumption of the axial was a loss in handling 
flexibility and a general complication of the 
control mechanism. 


As to Mr. Pearson’s reference to the 
Comet, the aircraft was designed some years 
ago to fulfil certain anticipated duties. Those 
duties it fulfilled admirably but in addition 
there remained the longest and most severe 
stages of world operation, which could now 
be tackled with a larger engine. 


As to the ability of engines to swallow 
debris, he would not attempt to compete in 
regard to the sizes of the lumps of ice, the 
wing spread of birds, or anything else which 
might be drawn into the engines. But the 
point had come out during his visit to 
America that in the course of ground attacks, 
as when rockets were bursting on ground 
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targets, the engines might collect a lot of 
debris. Whatever had been said about the 
merits of the two types of engine, the centri- 
fugal undoubtedly stood a better chance of 
survival than the unprotected axial in similar 
circumstances. 


Mr. Cheshire had felt that the advocates 
of the two types of compressor had been 
unduly contentious. He would be prepared 
to apologise about that, but it was their job 
to be controversial on that occasion. If they 
had brought to light some of the pros and 
cons of the two types they had achieved what 
they had set out to do. 


THE PRESIDENT 


In closing the discussion he would not 
endeavour to deliver a verdict. The speakers 
compared, in their capacity for marshalling 
their facts, and possibly in drawing red 
herrings across the paths of their opponents, 
with eminent Counsel to whom he had 
listened recently in the course of his 
duties as Foreman of a jury. The speakers 
in the discussion were deliberately invited to 
be controversial, for it was by honest and 
hard-hitting argument that they elicited facts 
and helped one another to come to con- 
clusions. They could claim that British jet 
engines were still the best in the world, and 
largely because there was not just one single 
channel of endeavour; there was no idea that 
there was only one right way. It was their 
British practice, and always had been, that 
people who had faith in their own line should 
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pursue it and achieve success, and one man, 
by his efforts, acted as a spur to another 
God forbid that they should ever decide tha 
there was only one “right way,” for he fe} 
sure that if they did that they would sink 

He had hoped that more detailed cop. 
sideration would have been given to the 
problems of the relative production of the 
two types. He understood that the present 
cost of an axial compressor unit might be 
taken broadly as twice the cost of a centri. 
fugal compressor turbine engine. 
Reference had been made to a remark, 
originally made, he believed, by Lord 
Tedder, “that in war one cannot afford g 
second best,” but there was not necessarily 
one “ best” for all purposes at any one time; 
not every aircraft needed was either a fighter 
or long range bomber in which sheer per. 
formance was the outstanding criterion. 
“Good” engines for those other purposes 
which could be produced in the quantities 
required would be more useful than rather 
“better” designs which could not be pro- 
vided at the critical time. In his capacity 
as President of the Society he felt bound to 
stress the vital importance of the factor of 
production in the selection of engines to 
which an expansion programme in emergency 
was committed. The utmost attention must 
be given not only to “efficiency” shown on 
paper, or even confirmed by a few prototypes, 
but also to the ways and means by which 
such engines could be created within the time 
limit imposed and with the resources which 
could be made available. 
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METAL ADHESIVE PROCESSES* 
by 
F. H. PARKER 
INTRODUCTION CURING EQUIPMENT 
Metal adhesives have been known to the THE MINIATURE PRESS 


Aircraft Industry for at least ten years, the 


‘I Chrysler Cycle Weld process being among 


the earliest. Since then metal-to-metal bond- 
ing has been the subject of many papers, but 
no member of a firm of aircraft constructors 
is known to have lectured on the subject. 

It is hoped, therefore, that this paper may 
prove a useful contribution to the workshop 
aspects of the method. The fundamentals of 
adhesion will be avoided and only brief 
reference will be made to the strengths of 
structures assembled by that means; those 
are matters for the physicist and aircraft 
designer. The process and manufacturing 
technique will be considered together with 
safeguards and controls as used in the 
Industry on metal aircraft construction. 

The Bristol Aeroplane Company first took 
an active interest in metal bonding at the 
beginning of 1948. A start was made on 
available materials which were fully approved 
under D.T.D. 775 and the combined use of 
these materials is known as the “Redux” 
Process. This first step was made, and no 
reason has since been found for change, by 
using the combination of “Redux” liquid 
K.6and powder conforming to 30-52 screen, 
BS. 410-1943 and, except where otherwise 
slated, these are the materials discussed. 
Experiments over the past three years have 
disposed of many doubts about the reliability 
of bonded structures for aircraft and what is, 
and is not, important has now been satis- 
factorily determined. 


The steps taken to reach this satisfactory 
position are described. 
*A Section Lecture given on the 28th November 
1950—the 810th Lecture to be read before the 
Royal Aeronautical Society. 
Mr. Parker is Development Engineer, The Bristol 
Aeroplane Co, Ltd. 


Journal of the Royal Aeronautical Society, March 1951 


The first press was quite miniature. It 
consisted of a laboratory moulding press, 
with a platen size 7 in.x7 in. This equip- 
ment proved useful in reaching first approxi- 
mations but a rather larger pilot plant is 
advised, capable of curing ten specimens 
simultaneously as a more representative 
number. This press should have all the 
mechanical and heating settings capable of 
being accurately pre-set and controlled, thus 
allowing a methodical check on the several 
factors outside its mechanical operation, for 
example control of glue thickness, exact 
repetition of loading, heating cycle, and so on. 

The standard shear strength figure of 
1,500 Ib. (D.T.D. 775) was accepted as a 
minimum for the selected resin and the first 
task was to try out the sequence of processes 
on a small scale in accordance with the 
manufacturer’s instructions, using first the 
press curing technique. 

At the outset it was realised that the flat 
platen press had a limited application, and it 
was decided that a method capable of wide 
application would need to be developed to 
cover, for example, surfaces having severe 
double curvature. This led, through stages 
to be described, to the present successful 
Autoclave” method. 

In the description of elementary apparatus 
already referred to and in the ones that 
follow, it will be noted that no figures for 
pressure and temperature are given. This 
subject is dealt with in the section headed 
“ Curing.” 


FIRST PRESSURE BOX 


Concurrent with the press work the first 
experiments were started with fluid pressure 
curing. A box was used consisting of two 
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METAL ADHESIVE PROCESSES 


chambers capable of being clamped together 
one on top of the other. The lower chamber 
was used as a Steam cavity to heat the work 
specimen. The space in the upper chamber 
was loaded with first a metal die conforming 
to the shape of the part to be formed, then 
the component; on the top of this, and 
restrained by the walls of the chamber, was a 
rubber bag which, when pressurised from a 
supply, gave the required pressure on the 
work specimen. 

With increase in size this equipment would 
become more and more unwieldy, while the 
rubber bag would be expensive and easily 
damaged. This crude start established the 
principle of fluid curing and the necessity for 
fitting accurately male and female dies, with 
the attendant great cost, was avoided while 
uniformity of pressure all over the com- 
ponent was assured. 


THE AUTOCLAVE 


The next obvious step was to abandon a 
system in which the air pressure was applied 
unilaterally and to evolve a bilateral method 
in which it provided its own reaction. This 
was done by immersing the parts to be 
bonded in compressed air, taking special care 
that no air could get between the faces to b2 
joined together so that this cavity remained 
at atmospheric pressure. Thus the autoclave 
process was evolved. 


REDUX CURING CRADLE 


A miniature test autoclave was made from 
an 8 in. diameter steam pipe 18 in. long, 
together with a special type of electrically 
heated jig, and a process was evolved which 
proved satisfactory and capable of being 
reproduced immediately afterwards to a 
larger size without further difficulties. Thus 
in one step, with practically no change of 
method, the full-scale equipment was 
established. 

Figure 1 shows the full-size equipment. 
Reading from left to right is the first full-size 
autoclave with door open and a jig ready for 
entry. The next unit is a high pressure air 
accumulator which, using only a_ small 
capacity compressor, allows a very quick 
charge to be made to the autoclave; to the 
right is a larger autoclave also charged in 
sequence from the same accumulator. 


Figure 2 gives an idea of the arrangement 
of the jig within the autoclave, and Fig. 3 
illustrates the make-up and operation of the 
jig. This consists of a light (14 standard 
wire gauge) aluminium alloy plate conform- 
ing to the final shape of the component, 
attached to a number of cradle frames to 
hold it to form. Immediately under the jig 
plate, woven electric elements are fitted to 
provide the necessary heat. 

The component to be cured is laid on top 
of the jig and this in turn is covered with a 
thin 1/8 in. rubber sheet which is clamped 


PIPE LINE FROM AIR 
COMPRESSOR 


PIPE LINE TO 
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Fig. 2. 
Sectioned view of curing chamber. 
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AUTOCLAVE FILLED WI 
CORRUGATED COMPRESSED AIR From 
treatme 
experiet 
OUTER 
Use 1s 
SKIN 915 A. 
by anoc 
found i 
ACUUM UNDER is also 
" HINGED RUBBER DIAPHRAGM effective 
CLAMP frequen 
ELECTRICAL CLAMPING STRIP With 

CURVED NOTE COMPENSATING : 
feats PLATEN LEAD SLATS PRESSURES ON EACH eas 
SIDE OF PLATEN wer 
AUTOCLAVE CURING JIG ASSEMBLY SKETCH SHOWING HOW PRESSURE 
aan IS APPLIED TO THE COMPONENT 
ig. 3. 
Autoclave curing jig assembly and principle of pressure application. 

down around its edges. A vacuum line is into the autoclave and all the necessary safety 

attached to the base of the jig communicating precautions, both with regard to compressed 

with the cavity between jig and rubber air supply and electrical supply, are incor. 

blanket. The sequence of operation is as _ porated in the door-closing mechanism. 

follows : — 


The jig is loaded as described and electrical 
and vacuum connections are made outside 
the autoclave. Vacuum is then applied; this 
evacuates the rubber blanket and in addition 
completes the edge sealing of the rubber, thus 
creating the required differential pressure 
across component and jig, which on being 
confined in the autoclave can be brought up 
to any required curing pressure. 

With the form of structure illustrated, in 
calculating the required curing pressure on 
the joint, consideration must be given to the 
proportion of surface being bonded to the 
total area under uniformly distributed air 
load, since the glue line area provides the 
sole reaction for the whole of this force; thus 
with the typical corrugated structure shown, 
where the glue area is approximately 1/3 of 
the total area under pressure, only 60 Ib. /in.? 
pressure is required in the autoclave to give 
a bonding pressure on the joints of 180 
Ib. /in.?. 

It should be noted that all electrical con- 
nections to the supply source are made auto- 
matically when the curing jig cradle is passed 
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THE PLATEN PRESS 

While the autoclave process was being 
thoroughly established, the platen press was 
not neglected. At present a 250 ton press 
fitted with 2 in. thick precision steam- 
heated platens 6 ft. x3 ft. is in use. This is 
shown in Fig. 4 and consists of a four-post, 
double-ram, rising-bottom platen machine. 
The steam heated platens are mounted on 
one in. thick insulating material and work is 
fed into and out of them from feed tables on 
either side of the machine. All controls, 
including a curing cycle time-warning clock, 
are conveniently grouped, so that the opera- 
tor has all the controls and the component 
under observation. 

Two larger presses are about to & 
installed, one being a long narrow open-face 
press which will be used for bonding edge 
reinforcements to skin panels. 


PREPARATION FOR CURING 


The two stages leading to the application 
of heat and pressure are: — 


Controt | 


— 
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q) Pre-treatment of the metals to be joined, 
and 

b) The application of the liquid and powder 
adhesive. 


PRE-TREATMENT 

From the outset it was known that the pre- 
treatment stage was of vital importance, but 
experience has shown that the control is not 
so exacting once production is under way. 
Use is always made of pickle to D.T.D. 
915 A. even if this is subsequently followed 
by anodising to D.T.D. 910 B. It has been 
found in addition to vapour de-greasing that 
the use of an aqueous de-greaser (“ Collex ”’) 
is also advisable. Aqueous de-greasing 
effectively removes any adhering solids 
frequently left by vapour de-greasing. 

With the exception of the vapour de- 
greasing Which is done at any convenient 
point between the raw material store and 
detail manufacturing stage, all the pre- 


Steary beated 
piatess 


Control Panel 


treatment plant should be installed in the 
metal bonding department and its use should 
be in the care of those responsible for all 
other stages of the process. Careful record 
must be kept of the operating conditions, 
e.g. time, temperature, bath concentration, 
and so on. 

The sequence of the operations and the 
compositions of each bath used is given in 
Table I. The plant is shown in Fig. 5. 

During early tests both on the press and in 
the autoclave, pre-treatment was suspect for 
every failure. Water impurities were exhaust- 
ively examined. Results following different 
methods of drying were tabulated, as were 
the results following ordered variations in 
bath concentrations. In short, all the 
variables were systematically explored with 
the result that a method of pre-treatment 
was standarised, the application of which 
requires only a slightly more exact shop 
control than is necessary for a normal 
plating shop, but the bonding plant and 


Stearn and water 
feed 


Loading stands. 


Fig. 4. 
Hydraulic flat-platen ‘“‘ Redux ” Curing Press (The Bristol Aeroplane Co. Ltd.). 
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pre-treatment baths should be completely 
separate from any other operation. 

All these investigations will be found 
recorded in Ministry of Supply Scientific and 
Technical Memorandum No. 7/49, while a 
further S. & T.M. to be issued shortly should 
provide a full picture of this vastly important 
phase in the sequence of processes. The 
memorandum quoted contains many refer- 
ences to the full subject. 


APPLICATION OF THE RESIN 

From pre-treatment and after drying, the 
prepared material is taken over by the 
process operator for resin application. The 
bonding operator handling the job at this 
stage is responsible for ensuring that bonding 
faces are not contaminated. The method of 
resin coating is that of brush application of 
liquid K. 6 and subsequent dip application of 
the powder; the residue after consolidation on 
the resin face is lightly shaken off. Mating 
parts are then either wired together or rack 
stored until ready for curing. 


CURING 


The curing process has received much 
examination and it was evident throughout 
development of the press and autoclave that 
despite identical pre-treatment and subse- 
quent resin application, the appearance of 
joints made on the press was noticeably 
different from those cured in the autoclave; 
furthermore, the autoclave joint always had 
higher properties, particularly in regard to 
peel strength. The joint when separated by 
hand shows much more uniform and ductile 


properties. At first this was thought to be 
associated with uniformity of contact result- 
ing from air pressure curing, as well as with 
other factors present. 

On both systems the curing pressure was 
200 Ib./in.* for 15 to 20 minutes at a tem- 
perature from 145°C. up to 150°C. maximum 
with an open assembly time, i.e. period 
between resin application and curing, of 
about one hour. This short interval was 
introduced to avoid shop contamination. 

Press curing under these conditions 
resulted in peel strengths of great irregularity 
and the visual appearance of broken joints 
was unsatisfactory. The press technique, 
however, could not be abandoned as it had 
some advantages and offered a_ slightly 
shorter cycle, while jigging is normally cheap 
and simple for flat assemblies, for example, 
for many sheet-stiffener combinations. 

Pre-treatment was re-explored and every 
mechanical variation in the press and heating 
equipment was perfected. The outcome was 
the use of a longer open assembly time and 
a reduced curing pressure at 100 Ib./in.*, for 
use on the press method. 


Uniformity of pressure and even tempera- 
tures over the full area of the parts to be 
joined are essentials to successful curing; thus 
the platens must fit accurately at closure and 
the steam passages through them must be 
sufficiently numerous and so disposed that 
the temperature is truly uniform. 

The essential of a good joint is strict con- 
trol of all factors which influence the flow of 
the adhesive. Excessive flow causes undue 
loss of adhesive from the joint, often 


TABLE I 


BATH SEQUENCE COMPOSITION AND OPERATING CONDITIONS OF REDUX PRE-TREATMENT PLANT 


Operating Conditions 


Sequence Bath Composition ‘i 
Time Temperature 
1 “* Collex ” 3 per cent. by weight “ Collex ” aqueous de- 
de-greaser greasing solution 20 min. 80°C. 
?. Swill (double) Filton bore hole water 5 min. Ambient 
3 Pickle Pickle to D.T.D. 915 A. (5 per cent. by weight 
chromic acid, 15 per cent. by volume sul- Min. 20 min. 60°C 
phuric acid) Max. 30 min. ; 
- Swill (double) Filton bore hole water 5 min. Ambient 
= Anodic Chromic acid anodise to D.T.D. 910 B. (3 per 
cent. by weight chromic acid) 1 hr. 40°C. 
6 Swill (double) Filton bore hole water 5 min. Ambient 
7 Swill West Gloucestershire Supply water Dip Ambient 
8 Hot air oven 30 min. Approx. 
50°C. 
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accompanied by a disturbance of the propor- 
tion of resin to powder. It is necessary to 
control temperature rise and pressure, and to 
ensure evaporation of all solvents before the 
joint is closed. In the autoclave this condition 
is met, since the pressure is applied at a 
uniform and compensating rate and thus the 
resin is partially cured and consolidated 
before the full pressure is reached. On the 
press, however, harsh mechanical crushing 
can occur at the beginning of the cure. 


Thus the introduction of autoclave curing 
and lower pressure press curing, on the 
whole, has increased the overall strength of 
Redux bonded joints while scatter has greatly 
reduced. This has resulted in higher average 
strengths than were obtained originally. 
Average values are 2,200 lb. shear on a joint 
0.5 in. x 1 in. and 60 Ib. peel. 


SINGLE OUTER LEAF 
OF SPECIMEN CLAMPED 
TO LOADING POINT OF 
A SPRING BALANCE 


TENSIONING 
CLAMP 


PEELING WHEEL 
IS MOUNTED ON 
BALL BEARING 
PIVOT. IT IS 
MOVED DOWN 
AT A STANDARD 
PEELING RATE. 


NOTE. THE BONDED SPECIMEN IS COLD 
ROLLED TO A RADIUS OF 3 IN. BEFORE 
FITTING TO PEELING DRUM. 


Fig. 6. 
Sketch showing basic principle of the “ single 
drum” peeling test. 


160 


F. H, PARKER 


Press pressure may be still further reduced, 
provided that the component being cured 
does not itself require considerable force tp 
bring the mating parts into uniform contact 

With the autoclave working on thin gaug 
material excellent bonds have been obtained 
using atmospheric pressure only; that is, the 
pressure has been that arising from the use 
of the vacuum between the cradle and the 
rubber sheet. 


PEEL TEST 


The peeling test was developed by Aero 
Research Ltd., and has been established as 
the main control test in the absence of any 
known form of non-destructive examination 
of the bond. 


The test consists of peeling against an auto. 
graphically recording loading device. Fig. ¢ 
shows in diagrammatic form the method of 
applying load to the specimen. 

It may be seen that the peel specimen is 
clamped to a circular drum; the free end is 
held in a suitable clamp. The drum is then 
pulled hydraulically, which causes the speci- 
ment to rotate and peel the two component 
strips apart. 

As a result of thousands of tests a mini- 
mum peeling load of 30 Ib. has been 
established on a specimen made from 20 
gauge D.T.D. 610. In this connection lies 
the chief limitation of the single drum test. 
If the test figures are to have any significance 
for comparative purposes, the test must be 
confined to one gauge and material specifica- 
tion since, by nature of the geometry of the 
test, any change in the gauge of material or 
specification alters completely the peeling 
strength. 

A further disadvantage is the fact that the 
actual radius which the specimen takes up as 
it leaves the drum, varies with stiffness of the 
material and increases the loading moment 
on a specimen of low strength, while decreas- 
ing it on a specimen of high strength; thus 
scatter of the results is so severe as to make 
them meaningless; the need for standardisa- 
tion of gauge and specification of material is 
essential when making comparisons. 

Means are being developed to eliminate 
these limitations and a peel test will soon be 
available which will allow immediate inter- 
comparison of test results on materials of 
different gauges and specifications up to 4 
certain limit, when the peel test becomes 
virtually impossible. But even with these 
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imitations the single drum peel test is an 
excellent means of checking the process, 
since it has been found that it shows up 
immediately any slight variation in pre- 
treatment or other bonding conditions and 
it is regarded as one of the most valuable 
checks on the quality of a joint. It is inter- 
esting to note that the Aeronautical Inspec- 
tion Directorate are likely to establish this 
test as a standard requirement for accepting 
Redux bonded joints. It is not suggested 
that the peel test has any significance as a 
design criterion, unless perhaps it is 
associated with endurance against fatigue. 


On the other hand, it is well known that 
the shear strength of Redux bonded joints is 
very insensitive to processing conditions. 
There is abundant evidence of joints with no 
apparent peel strength easily meeting the 
shear strength requirements of D.T.D. 775. 


INSPECTION PROCEDURE 


Inspection procedure is a difficulty with 
metal bonding since there is no non- 
destructive test which can be applied 
intelligently and evidence of quality is limited 
to a test on a separate specimen. 


It has been found necessary, therefore, to 
introduce strict inspection routine to each 


.Pstage of the method, and although at first 


sight this appears to call for a high ratio of 
inspection to production labour, that is amply 
met by the low overall manning required. 


A metal bonding plant producing, say, 
1000 components of different design and 
sizes a month requires initially a production 
manning of about 25 operators, with 6 to 
8 inspectors in addition. As the operators 
become experienced and if the rules are 
properly followed the inspection manning 
can be reduced safely by half; even so the 


+ Finspection ratio is higher than for the older 


methods of assembly, but the overall man- 


ning is very much less. 
Inspection control consists of a stage by 
Stage viewing throughout the _ several 


processes. The inspector’s last dual jobs are 
the shear and peel tests which in each case 
are ON One test piece per component per pre- 
treatment batch. A typical peel graph is 
shown in Fig. 7; each graph is signed by the 
inspector. The back of each graph, which is 
seen on the left hand side of the picture, also 
carries the routine check records which the 
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inspector has made. 


Thus the completed 
slip, stamped by the inspector, gives a per- 
manent record of the process history of the 
part to which it applies. 


DESIGN AND WORKS 
CO-ORDINATION 


With metal bonding the closest design, 
development and production collaboration 
is essential. The design must be appropriate 
for the method from its inception; its adop- 
tion merely as an alternative to riveting is 
often no advantage. The essential require- 
ments for good bonding must be realised by 
the designers and catered for in component 
layout. 


Apart from overall considerations, such 
as the obvious one of panel sizes to fit auto- 
claves, there are a number of considerations 
such as the strip reinforcement of thin sheet 
edges by bonding. This permits the use of 
fewer rivets at panel edges, which also makes 
possible cut-countersinking for final assembly 
with its attendant economies. Edges thus 
thickened permit great weight economies 
over the main panel area while allowing loads 
to be taken through the reinforced edges. 
This feature is well illustrated in Fig. 8. 


Local load concentrations can easily be 
accommodated through laminations secured 
by the metal bonding which, in some cases, is 
particularly useful where stringers and rib 
members terminate on thin panels. 


SOME REDUX BONDED STRUCTURES 


Two important applications were apparent 
in the initial design of the Bristol Type 175. 


(i) The wing leading edge reinforced with an 
internal corrugation, the multiple 
channels thus formed acting as ducts for 
hot air de-icing purposes. 


(ii) The assembly of large inter-spar ribs, 
particularly where smooth surfaces are 
requisite to prevent chafing on flexible 
petrol tanks. 


These applications are shown in Figs. 9 
and 10. 


Another valuable application lies in the 
use of thin materials with reinforcing 
members attached so as to ensure a large 
bonding area, avoiding stress concentrations 
and thus minimising fatigue possibilities. 
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JOB HISTORY 

STAGE | PRETREATMENT 

TYPE Ackle & Anodise 

TIME OUT IO p.172. 

DATE 17. 
STAGE 2 REDUX APPLICATION 

DATE Wi KE, 

TIME 3.30 p.m. 
STAGE 3 CURING 

PLANT Autoclave 

DATE 5: 50 

TIME _IN 8-50 am. 

TIME OUT G./0 am 

TEMP. 150°C. 

PRESSURE /50 47” 

VACUUM Mercury 
STAGE 4 _ FINAL INSPECTION 

ACCEPTED BY 
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Face and reverse of standard peel test graph form. 
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ADVANTAGES OF METAL-TO-METAL 
BONDING 


The use of metal bonding has four main 
advantages : — 

(i) Reduction in structural weight 

(i) An improvement of surface finish 

(iii) The reduction of stress concentrations 
(ir) Reductions in cost. 

It would be wrong to assume that all 
advantages follow automatically on the 
adoption of the method. For example, i: 
minimum structural weight is the first objec- 
tive, thin highly stressed surfaces are a 
necessity which, in many cases means closely 
reinforced thin sheets; but no means have yet 
been evolved of producing such structures 
without very perceptible external waviness. 
Thus if smoothness is the first consideration 
then some sacrifice in weight must follow. 


METAL ADHESIVE PROCESSES 


There is no difficulty in getting relatively 
thick (say 18 s.w.g.) sheet bonded to stiffeners 
without any visible surface deformation, but 
this may be achieved only at the expense of 
some structure weight. For large aircraft 
with high wing loading these conditions 
should easily be fulfilled, but in other cases 
a choice one way or the other must be made. 


COSTS 


Discussion on this important subject is 
rather premature, but some relevant factors 
may be mentioned. For comprehensive 
application of the method, initial capital 
cost of the plant is an important item. On 
the other hand, maintenance and replacement 
charges should be less than those incurred by 
the older methods of fabrication for metal 
aircraft. Designing for the use of the method 
should lead to simpler constructions than 


Fig. 8. 
Wing rib diaphragm, edge-reinforced by “ Redux ” bonded laminations. 
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hitherto; there should be fewer parts and the 
components on the whole should be lighter. 
All this should show to advantage in the final 
cost account. Designers must realise that the 
costs associated with curing time are as large 
for a small component as for a large one, and 
that, within reason, whatever complications 
are built into the product the cost of curing 
is not affected. Once in routine production 
reductions in cost should follow the adoption 
of the method. 

Profit-raising of aircraft operation which 


should follow the realisation of greater dis- - 


posable load follows in the wake of the 
weight saving that should accrue. Examples 
of weight saving are those which must 
inevitably arise from the reinforcing of sheet 
edges leaving the main body of sheets of the 
desired original thickness and similarly, from 
the economic end reinforcing of stringers, 
which are known to involve a large saving in 
weight. 


SOME RESULTS 


Large numbers of panels in a variety of 
sizes, from the small laboratory specimen to 
full-scale aircraft panels, have been tested 
both for static and fatigue strength. 


Fig. 10. 
* Redux ” Bonded inter-spar wing ribs 
(30 s.w.g. metal throughout), 
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Fig. 9. 
Section of wing leading edge assembly. 


It has been found that shear and compres. 
sion tests made on Redux assembled panel 
give results at least equal to similar riveted 
structures and in many cases the load carried 
is 30 to 40 per cent. in excess of riveted 
assemblies. Sometimes an original riveted 
design has been copied in which the distribu- 
tion and size of panel elements has no 
necessarily been optimum for a_ bonded 
assembly. Even so, such assemblies have 
shown some advantages. 


Typical figures for compressive failing 
loads are: — 


Bonded Riveted 
44,000 Ib. 42,000 lb. 
37,000 Ib. 34,000 Ib. 
53,000 Ib. 50,000 Ib. 


It would appear that the principal factor 
contributing to added strength with stringer- 
sheet combinations is continuity of contact 
or the avoidance of inter-rivet buckling, 
which can be a source of premature failure 
in riveted structures. In some cases wher 
the riveting pitch has been rather wide, the 
strength difference has been most marked. 
As would be expected, when a bonded panel 
is progressively loaded, failure develops from 
some region of instability but parting of the 
Redux joint is never the criterion and does 
not occur until final collapse of the specimen 
is imminent. 

A major advantage of the use of metal 
bonding lies in reducing centres of stress cot- 
centration, and there is scope with intelligen! 
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layout to add considerably to the fatigue life 
of many structures. 


A good example of this is given in Fig. 11 
which shows a helicopter skin with bonded 
stringers and local rivet reinforcings required 
to attach the skin to the rib structure. This 
part failed at a riveted joint, after 150 million 
cycles. 


Two of the fundamental conditions for 
Redux curing are the application of pressure 
and heat; thus panel construction is 
obligatory and at this stage of development 
the contiguous panels have to be connected 
at their edges by riveting and/or bolting. 
Careful attention is necessary in the design 
of these joints if full advantage of the bonds 
is to be obtained, i.e. the efficient transfer of 
load from one edge to another, 


No question relating to Redux has 
received so much publicity as that of the fall 
in strength with rise in temperature. The 
wing leading edge shown in Fig. 9 was tested 
at room temperature and also at 100°C. 
through the use of infra-red lamps. It is 
known that Redux loses two-thirds of its 
shear strength at 100°C., yet the two 
structures failed at nearly identical loads, 
appreciably above the design load. In 
neither case did the Redux bond fail. The 
reason is that in this, as indeed in most cases, 
the bond is subject to low intensities of stress 
but that may not be the case always and the 
problem of low strength at elevated tempera- 
ture certainly needs solving at an early date. 
The increase in pealing strength which 
accompanies plasticity under heat is not the 
answer. 


Fatigue failure in “ Redux ” Bonded skin panel 
(skin 26 s.w.g, stringer 30 s.w.g). 
Note undisturbed bond where crack traverses stringer. 
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OTHER BONDING MATERIALS 


Many other bonding materials are avail- 
able and have been considered. Among 
these are Araldite, also made by Aero 
Research Ltd., Hydunite, Cycle Weld (the 
Glenn Martin adhesive known as F.M. 45), 
Scotch Weld, Convair Metabond and a 
variety of Bostik derivatives. It has been 
found that most of the single part adhesives 
are extremely good adhesives when bonding 
relatively thick materials but are brittle and, 
therefore, may not be too safe in structures 
which are flexible; and fatigue life would be 
suspect. 


If an attempt is made to bond together two 
thin materials, none of these adhesives seems 
to have any appreciable peeling strength and 
a parting, once started, rapidly runs the 
whole length of the joint. 


Some adhesives, Araldite for example, 
have shear strength as good as, if not slightly 
better than, Redux, being over 2,200 lb. on 
a standard single shear test joint 4 in. x 1 in. 
Tests made by the Bristol Aeroplane Co. Ltd. 
on the American adhesives have not been 
conclusive, due to shortage of supplies, but 
so far the shear strengths obtained have 
varied between 1,000 and 1,400 Ib. or roughly 
half the value of Redux; but again there 
seemed to be a lack of peel strength. 


The Bostik and _ Boscoprene family, 
because of their more plastic nature, exhibit 
promise of high peel strength but so far their 
shear strength appears to be low, ranging 
from 400 to 1,000 Ib. on a standard single 
shear specimen. Also, on adhesives of 
rubber or similar base, evidence of joint 
“creep” at comparatively low stresses has 
been found. 


MATERIALS BONDED 


Tests have been made on the quality of 
Redux bonds on a number of materials and 
satisfactory joints have been produced with 
all of the following : — 


Foremost are the aluminium alloys used 
in aircraft construction; all bond well within 
their elastic range. Then the magnesium 
alloys, including magnesium zirconium; 
steels, including stainless; rubber; asbestos 
based materials, for example Ferrodo or 
Ferobestos; Durestos; Tufnol and similar 
phenolic impregnated materials. There is no 
trouble with any of them provided that the 
appropriate and adequate precautions are 
taken at the pre-treatment stage. 
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Redux also gives a satisfactory bond be. 
tween metal and glass cloth laminates mage 
up with the Marco range of resins. 

The relatively new and interesting materia, 
magnesium zirconium, is likely to find con 
siderable use in the Aircraft Industry. It j 
a metal on which, in the light of present 
knowledge, special attention should be placed 
on the avoidance of stress concentration, 
Thus metal bonding is an admirable process 
for fabrication and has further advantages 
in the matter of subsequent protective treat. 
ment within the joint. The best pre. 
treatment of the surface prior to bonding is 
still a matter for exploration, but it is anti- 
cipated that a really satisfactory chemical 
pre-treatment will be found, and that this 
material will be bonded with sufficient joint 


strength to permit the manufacture of 
structures of considerable — economic 
attraction, 


A further useful application is to bond a 
paper or fabric face to metal which, when 
prepared in this way, can be cold glued to 
wood or any other suitable surface, although 
with paper it is necessary to sand it away 
leaving only a film of Redux to develop 
optimum joint strength. 


SUMMARY AND CONCLUSIONS 


It would be misleading to convey the 
impression that by reading the available 
literature on the subject the desired results 
can be obtained immediately the plant is 
installed. There is no royal road to success 
in this matter and the best state of mind for 
anyone at the outset is that of a pioneer. On 
the other hand, there is no great mystery 
about the process and the fact that the efforts 
of those who have persevered have been 
rewarded by success should, in itself, give 
ample confidence and encouragement. 

As already indicated, the first requirement 
is to install a pilot plant, including a pre- 
treatment pilot plant with vats sufficiently 
large to remove it somewhat from the sphere 
of the chemical laboratory, introducing some- 
thing of the “shop element,” but not so large 
as to make early and frequent changes in 
compositions uneconomic. Baths of about 


50 gallons capacity have proved a good 
compromise. 

The pilot plant should be set up in the 
department in which the full-scale work will 
be done, and should be put in charge of the 
carefully selected nucleus of personnel with 
whom it is finally intended to run the job. 
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This is important since the idea of sticking 
metals together does not come easily to 
people with long experience of the hitherto 
almost universal methods of metal jointing. 
It needs as long an association as possible 
with the process before everyone concerned 
acquires the necessary confidence in_his 
allotted task. The early successful use of the 
Redux bonding process by the de Havilland 
Aircraft Company was in no small measure 
due to their long background of experience 
of gluing practice on wooden aircraft and 
their transition from wood to metal adhesion 
and finally, metal to metal, without the very 


‘I definite break in adhesive methods which 


everyone else experienced. 
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DISCUSSION* 


Mr. N. E. Rowe (British European Air- 
ways, Fellow), contributed: It was not clear 
what was being gained from the new method 
of joining metals together. From Mr. 
Parker’s account there seemed to be little 
advantage in either man power or cost. He 
had demonstrated that smooth surfaces 
could be obtained, that reinforcement of thin 
plating could be done conveniently and that 
there might be advantage in fatigue resist- 
ance. Presumably the great advantage came 
from the saving in structure weight. What 
was the saving in structure weight expected 
on the Bristol Type 175 due to the use of 
metal adhesives? 

The discussion on peeling seemed to show 
that there was no clear understanding of the 
physical nature of the bond which was made 
between the metals, and hence it was not 
possible to devise the critical test. Did the 
work at Bristol show any correlation of the 
peeling strength with the thickness of adhe- 


‘Normally the Discussion following a Section 
Lecture is not published but on this occasion a 
written contribution enabled the Lecturer to give 
additional information in reply. 


METAL ADHESIVE PROCESSES 


sive between the metallic surfaces? Mr. 
Parker had said that when the surfaces were 
pressed together in bonding by normal press, 
the adhesive was squeezed out and the peel- 
ing strength was very low. Was there a 
critical depth of adhesive and, if so, could 
this not be used as the check in place of the 
peeling test? 

Mr. Parker had said that he had obtained 
perfectly sound joints using a pressure of 
only 20 to 25 Ib./in.*. Mr. Moss had thought 
it would be imprudent to think of anything 
less than 100 Ib./in.* pressure for production 
at this stage. It seemed that this was rather 
an over-cautious attitude and that if the 
lower pressure were unacceptable, then proof 
of this should be brought forward as early as 
possible. Clearly, any development that 
simplified the process of metallic bonding 
and made it cheaper was a real step forward 
at this stage and should be encouraged. 


Mr. Parker: He had not emphasised 
reduction in cost due to the early days of 
production on his Company’s plant, but he 
was confident that appreciable cost savings 
would be achieved on relatively long-run pro- 
duction because a bonding process required 
structures to be made up in sub-panel units. 
He thought that this would lead to useful 
cost savings, particularly on final assembly. 
Man power was definitely lower than for 
comparable riveted or bolted assembly. It 
was well known that on this type of work 
fatigue life was increased and there was the 
indirect cost saving due to reduction in 
weight. 

Tt was estimated that on the Bristol Type 
175 the major components into which Redux 
bonded items were built had a gross weight 
of 31,000 lb. The Redux bonded items 
themselves weighed 4,000 lb. and had Redux 
not been used the alternative design would 
have caused a weight increase of 1,000 Ib. 

He agreed with Mr. Rowe that there was 
no real knowledge of the physical nature of 
the bond. It had been fairly authoritatively 
stated that there was nothing complicated in 
it such as inter-molecular adhesion, but that 
metal bonding materials were simply good 
adhesives on the properly prepared material. 


There were at least two useful papers on 
the subject of the physics of adhesion— 
“Strength of Glued Joints,” Aircraft 
Engineering, Volume 16, 1944, by Dr. de 
Bruyne, and the Third Report from Aero 
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DISCUSSION 


Research Ltd. to the Ministry of Supply on 
“The Peeling Strength of Bonded Light 
Alloy Strips,” by C. Mylonas. His own 
Company had maintained the peel test, 
because it gave indication of process 
variations. On the other hand experience 
might prove that it was really a too critical 
selector. It was true to say that there was 
correlation between peel strength and the 
thickness of the adhesive, peel strength 
increasing with glue thickness. The opinion 
of his Company was that for optimum condi- 
tions of both shear and peel strength a glue 
line thickness of between 0.008 to 0.012 in. 
was the ideal. This dimension was often 
used on laboratory investigations, but some 
form of controlled breaking test such as the 
peel test was still required, as there was the 
possibility of weakness in a component due 
to lack of adhesion or cohesion (e.g. due to 


pre-treatment or materials) which would ny 
affect the joint thickness. 

He was quite satisfied that good bong 
could be made with pressures as low as } 
to 25 lb./in.? provided that the materia; 
being bonded were either thin enough or wer 
mated so well that the whole of the pressur 
exerted on the resin during the cure was no 
expended in forcing the parts into matin 
contact. This would rarely occur gj 
structures of any size or strength; therefore 
he agreed with Mr. Moss that at the presen 
stage of development the 100 Ib./in.? curint 
pressure should still apply as far as the pres 
was concerned, but he thought that on th; 
autoclave, by experience and in relation ti 
the component being glued and by a 
examination of the glue line  thicknes 
pressures probably as low as 50 to 60 lb. /in. 
could often be used. 
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A METHOD FOR DESIGNING 
WIND TUNNEL CONTRACTIONS 


by 
R. HARROP 


SUMMARY 

The contraction of a wind tunnel should be free from adverse pressure gradients, 
since this might cause boundary layer separation. 

A wall contour has been designed for a circular cross-section contraction using 
incompressible flow theory. This gave a favourable pressure gradient at the 
beginning of the contraction where separation is likely to occur. 

Appendix I compares the theory with experimental results obtained from a 
model of a proposed supersonic tunnel of which the contraction is rectangular in 
cross-section and which has been based on the results obtained in this report. 


1. INTRODUCTION 

Smith and Wang", using the analogy which exists between classical electricity 
and magnetism theory and hydrodynamical theory, have designed contraction cones. 

If equal vortex rings replace the coils of a Helmholtz Galvanometer (see 
Section 3) a uniform distribution of velocity is obtained over a large part of the 
field in the centre of the coils, corresponding to the uniform magnetic field of the 
previous case. The lines of force of the magnetic case are now replaced 
by streamlines. 

Thus it is necessary to find the value of the stream function of the flow 
consisting of the two vortex rings and a uniform flow parallel to the axis and then 
to find the equation of a streamline by making this function a constant. The surface 
swept out by this streamline on rotation round the axis is the boundary of the 
contraction cone. 

The contraction ratio is determined by the strength of the vortices, while the 
length of the cone is fixed by the particular streamline chosen. 

The velocity distribution along the wall is then calculated and the pressure 
gradient found. 


NOTATION 
The following are the conventions used in the application of vectors, 
Scalar product A.B 
Vector product A,B 
All vectors are in Clarendon type. Other notation is as follows: 


Vortex Ring 


radius 

I’ circulation 
do filament cross-sectional area 

vorticity strength 
B, vector potential at P due to ring 
ds, element of length of ring 

6 angular co-ordinate of point on ring 


Paper received September 1950. 


Mr. Harrop is at present on research at Caius College, Cambridge; the work described in the 
paper was done while he was in the Aerodynamics Department, Royal Aircraft Establishment. 


Journal of the Royal Aeronautical Society, March 1951 
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General 

dr element of volume 

qr velocity at P 

rp modulus of distance QP 

r, unit vector in direction QP 

cp distance of P from axis 

vp stream function at P 

ds’ element of arc of circle in plane perpendicular to axis, centre on 
axis and radius cp 

dS element of area of this circle 

2b separation of vortex rings 

U, _ velocity at infinity on axis 

zp axial co-ordinate of P 


The following quantities were defined from those above: 
Cp=cp/a, B=b/a 
4acp 4Cp 
for a vortex ring at Z»=0. 
K, E are used to denote the complete elliptic integrals of the first and second 
kind respectively with arguments k in each case. 


2 
dx 
E= | (1-k*cos* a) dz 
0 
Suffixes “1” and “2” were used for the two vortex rings. 


In the Appendix 


p Static pressure 
H total head 
pair density 

V air flow velocity 


2. STREAM FUNCTION AND VELOCITY DISTRIBUTION FOR A 
VORTEX RING 


The vorticity € in a stream is defined by the relationship 
€=curl q 
where q is the velocity at the point in the stream. 
The vector potential B is defined by the equations 
curl B=q 
div B=0 
and B=O(1/r) at infinity. 
It will be noticed that this uses the fact that div q=0, the equation of continuity 
(since div curl B=0). 


This gives €=curl curl B=grad div B- B 


The solution of this equation is 
Sedz 
rp 


where the integral is taken over all points Q in the field of vorticity, B, being the 
vector potential at P and rp the modulus of the distance PQ. 
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This formula is given in Ref. 2. 
Consider a point P and a vortex ring centre O, radius a and circulation [’. 
If do is the area of cross-section of the filament and € the vorticity strength 


de 
by definition. 
Thus for the vortex ring 
rp 


where ds, is the vector element of the ring and the integral is taken round the 
circumference, a result obtained in Ref. 2. 


The velocity qp is thus given by 


‘(ds 
qr=curl,p Bp= = curl, (=) 


= [ grad, (=) A ds. | 


curl¢ A=@curl A—A grad @ 


using the formula 


valid for any scalar # and vector A. 


r 1\ T 
This equals ds, gradg (*) = A 


where r, is a unit vector in the direction from Q to P. 


Consider the boundary circle radius cp (the distance of P from the axis) and 
in a plane parallel to the vortex ring. Then if vp is the stream function at P, the 
flux across the surface is 


rp? 


(2) 


| curl B,. dS 


where ds’ represents an element of this circle, and yp is thus given by 


Take P as the point (cp, 0, zp) in Cartesian co-ordinates and let 6 be the angle 
shown in Fig. 1, then, using unit vectors (i, j, k) along the axes, 


ds, =(acos j—asin 6 i) dé 
2z 


r 
rp 
0 
where rp? — 2acp cos 6. 
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Fig. 1. Fig. 2. 
Flow through a vortex ring. Velocity distribution across throat. 


By symmetry the coefficient of i is zero 


22 
I" facos 


and B, z-| 
0 
Tex 

“ P 


By transformation 
9 ° 6 
[ a+ Cp)" | [1 — k? cos? 5 | 


where k? =4acp/[(a+ cp) + Zp7] 
4x ((a+er) +20") (1 — k? cos? 
0 
or x E| 
where K= and | (1 k? cos? 2)! dz 
~ J (1 -k? cos? a)! 
0 0 


that is K and E are complete elliptic integrals of the first and second kinds 
respectively. (Ref. 3, page 85.) 

These formulae are obtained by an alternative method in Ref. 4. 

It is convenient at this point to relate cp and zp to the radius a of the vortex 


ring thus 
Cp=cp/a, Zp=Zp/a 
k? 


where 
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From equation (2) 
Velocity = ds y 
This is the Biot-Savart formula and is an alternative starting point for the 


vortex theory. 
The velocity thus equals 


2s 
TI (-sin@, cos 6, 0) , (cp—acos —asin zp)adé 


rp 
0 


The z component of this is 


22 
(a—cp cos 9) 


=| (a—cp cos #)adé 


[aren +z | cos* 5 
0 


which can be expressed as 


a acp (4-1) dé 
(a+cp)? +2Zp? | (a+er ol! k? cos 5 | 
6=2r 
aCp dé 


[ — k* cos? 4 
6=0 


Using the formula 


dz __E 


pla 


on page 56 of Ref. 3, for + 2Zp*], 


ks a k3 Z-1) — k K 
4= 1-k * 
This can be written as 
From the equation (7) it is seen that the x component of velocity is given by 
| aZp cos 6 dé 
4x 


2 
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RADIUS OF CONTRACTION 


SETTLING POSITION OF LAST SCREEN 
\ CHAMBER END 7 
\ -- | 
H 
\ 
| 
LOw (FIG. 
= + | | 
-— | | 
- | 
| 
CONTRACTION RATIO 
9 TO! 
------ 16 TO! 
| 25 TO! 
—--— TO! (3 IN TUNNEL) —_] 
DIRECTION | | | 
OF FLOW | | | | 
| | | 
4 5 7 8 9 10 li 


Fig. 3. 


Contraction cones using 9) =0.6. 


Zpk* { 


C,2 


3. DESIGN OF CONTRACTION 


In the Helmholtz Galvanometer‘” there are two equal coils placed at z= +b 
while there is a uniform magnetic field (that of the earth) parallel to the axis. On 
changing to the hydrodynamical analogy it is necessary to include a uniform stream 
corresponding to this field in order that the streamlines may eventually become 
parallel to the axis. 


The expressions for Y and the velocity due to the rings are obtained by 
substituting (z»+b) for zp for the first ring which is denoted by a suffix “1” and 
(Zp — b) for zp for the second ring which is denoted by a suffix “2,” in the results 
just obtained. 


If U, is the velocity at infinity and b/a=B, then from equation (6) the value 
of the stream function + 


is 


k,2= 


k 


E 


-1) 


DISTANCE ALONG AXIS (FROM THROAT) SCALED TO UNIT THROAT RADIUS 


Substituting for the integrals and [(a+cp)°+zp?]? the x component of the 
velocity can be expressed as 


{ 
3 = 
8= aic,2 


(9) 


4Cp 
(1+Cp)? +(Zp+ BY 


and a similar expression exists for k,”. 


~ 


VELOCITY THROUGH SETTLING CHAMBER 


VELOCITY AT WALL OF CONE 
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| WALL OF CONE 
VORTEX SETTLING 
| RINGS CHAMBER 


DIRECTION 
AXIS (FIG. 


1 


DIRECTION OF FLOW 
(FiG.4) 


CONTRACTION RATIO 
9 TO 
------ 15 TO 
25 TO! 


| | | 


| 
| 
| 


3 4 5 6 7 8 
DISTANCE ALONG AXIS FROM THROAT SCALED TO UNIT THROAT RADIUS 
Fig. 4. 
Velocity distribution in contraction cone. 


Therefore 


As in Ref. 1 the value of B is taken as 0.46936. 


Given the contraction ratio and the value of C, for the point on the streamline 
where Zp=0, the value of Cp is known for the point where Zp=ce and since the 
vortex rings have no effect there 


and the value of ¥ is known for the whole streamline. 
Putting A=I"/(U, az) 


ke? 
5) 


The conditions at Z»=0 determine A. 


The co-ordinates of points on the streamline are found by fixing Zp and 
calculating //(U, a*) for several estimated values of Cp. Interpolation then enables 
the correct value to be found since it corresponds to ¥/(U,a*)=4$C’z,-x) 

The choice of Cp for Z»=0 was made as a result of considerations of the 
length of the contraction and of the uniformity of the resulting velocity distribution. 
The greater the value of Cp at this point the shorter the contraction but the worse 
the distribution of the velocity at the throat. 


This is illustrated in Fig. 2 which shows the velocity distribution expressed by 
the ratio (velocity at the point in question)/(velocity in settling chamber) for a 
contraction ratio of 25:1 and with Cp=0.6 initially. 

(The drawing is continued outside the Cp=0.6 line in order to show the effect 
of using a higher value for this constant. It will be observed that the effect of 
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Fig. 5. 
Velocity distribution near entrance 


choosing a contraction ratio of 25:1 and an initial Cp of 0.6 has been to fix the 
strength of the vortex rings so that the mean velocity across the part from Cp=0 
to Cp=0.6 is 25 times that of the stream at infinity.) 


In consequence a value of C‘Zp=«) of 0.6 was used and wall profiles calculated 
for contraction ratios of 9:1, 16:1 and 25:1. 
The results, scaled to unit throat radius, are plotted in Fig. 3. 


The additional curve shown in that figure relates to the model tunnel and is 
explained in the Appendix to the report. 


4. CALCULATION OF THE VELOCITY DISTRIBUTION 


From equations (8) and (9) is obtained the velocity given by an axial 
component of 
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and a radial component of 


(Zp + (2—k,’) (Zp — B)Tk, (2 — JE 
u.A{ [= E,-2K, + E,-2K,k,]} . 
From these two expressions the velocity distribution has been computed’ and 
plotted in Figs. 4 and 5, the contraction being scaled to have unit throat radius. 
It is seen that at the entrance to the contraction the pressure gradient is 


everywhere favourable. 
An alternative method of design for axi- -symmetrical contractions is 


given in Ref. 6 


a 


APPENDIX I 
TESTS MADE ON MODEL CONTRACTION 


ev Ch QY¥? CALCULATED AT 2 IN. FROM LAST SCREEN) 


200 
; The contraction is a 1/12 scale model of that of the 3 ft. supersonic tunnel 
to be erected at the National Aircraft Establishment, Bedford. 
It has two pairs of symmetrical walls, the top and bottom walls finishing 
at an angle of about 28 degrees to the centre line, the side walls becoming parallel hk 
100 


before the end. 
Screens are fixed at 3 in. intervals for the first 12 in. as shown in Fig. 6. 
At distances of 2 in. starting 2 in. after the last of these screens, pressure holes 
have been placed in the centres of the top and side walls and also in two of the 
fillets. These holes can be seen in Fig. 7 which is a photograph of the contraction. 
Figure 8 shows the working section of the tunnel. The top liner is removable o> 
and several different ones have been designed for a range of Mach numbers. Each 
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Fig. 8. 
Working section of 3 in. tunnel. 
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Fig. 9. Fig. 10. 
Pressure distribution in model contraction. Pressure distribution in model contraction. 


of these, and the fixed bottom wall fair in with the wall of the fixed contraction. 
A report will be issued on the design of, and the experimental work done on the liners. 


In Fig. 3 the mean wall of the contraction (based on area considerations) 
is plotted, together with an estimated position for the theoretical curve. An 
estimated theoretical velocity distribution for the latter curve is shown in Fig. 5. 


It was not known what the effect of changing from a circular to a rectangular 
contraction would be but it was expected that adverse pressure gradients might 
arise on the fillets. Experimental work was done therefore in which the total head 
was measured together with static pressure at the pressure holes. For this purpose 
the tunnel was not attached and a pitot tube was securely fastened at the exit to 
the contraction. 


Figures 9 and 10 show the results obtained together with the theoretical 
distribution previously mentioned. Considerable difficulty was found in measuring 
some of the pressure differences which were very small. It was found that the 
velocity distribution at the entrance was not uniform, the initial velocity being 
smaller on the side wall than on the top wall and smaller still on the fillet. In 
consequence it was decided to use for the term 4 pV? the value corresponding to 
the first pressure hole on each respective wall. Further, since the pressure 
distributions on the two fillets should be the same, the mean of the experimental 
Tesults was used. 


The following conclusions may be drawn from the results of the tests : — 


(i) In spite of the change to rectangular cross-section the contraction still has 
a positive pressure gradient at all points. 
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(ii) The experimental values of (H - p)/(4eV*) are higher than the theoretical 
ones at the start of the contraction. This is probably due to the change 
from the theoretical profile which occurs at about 7 or 8 inches from the 
last screen. 

(iii) The velocity increase along the side wall is greater than along the top wall, 
this probably being caused by the fact that the inclinations and curvatures 
on the first wall are greater than on the second wall. 

The direct computation of the shape of a rectangular (or even square) 
contraction is considerably more difficult than that of a circular one, and it was for 
this reason that this theoretical method was computed in spite of the fact that in 
practice a rectangular shape is generally required. The experimental work done on 
the model contraction seems to indicate that the change of shape, at least in this 
case, did not cause the occurrence of any places of adverse pressure gradient. 
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A NOTE ON THE BUCKLING OF STRUTS 
by 
HAROLD LURIE, Ph.D. 


SUMMARY 


Invariably the texts in elasticity and 
strength of materials derive the stability 
criteria for struts by first setting up the beam 
bending moment equation. Together with 
suitable boundary conditions this equation is 
then solved as an eigenvalue problem for 
non-zero solutions. It is indicated here that 
in general this procedure is too limited, both 
physically and mathematically, and that in 
some cases the correct approach yields 
additional results which normally would not 
become evident by employing the classical 
method. 


INTRODUCTION 


A brief review of the nature of the prob- 
lem will serve as a preliminary basis for 
further discussion. If a straight bar is sub- 
jected to an axial thrust, it can undergo only 
axial compression. This is true for any 
value of the thrust, provided that the bar is 
“straight” and the thrust “axial” in the 
exact sense. However, the stability of the 
bar may be affected: for all values of the 
thrust up to a “critical” value, the bar will 
return to its original straight form after it 
has been given a slight displacement. But 
for certain values of the thrust the bar 
becomes unstable and will not return to its 
original form. This can be shown by energy 
considerations. 

Looking at the problem from a slightly 
different point of view, the values of the 
axial thrust which are consistent with equili- 
brium in the slightly displaced form can be 
determined. This leads to the so-called 
eigenvalue problem. A homogeneous differ- 
ential equation containing a parameter (in 
this case the axial thrust) together with 
homogeneous boundary conditions, yields 
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non-zero solutions only for discrete values of 
the parameter. In this problem these values 
will furnish the critical loads. 

The usual method of setting up the differ- 
ential equation is to use the moment equation 


El d*y/dx?=-M(x). (1) 


Depending upon the end fixity, the bending 
moment M is determined as a function of x. 
This equation is then solved, and the 
boundary conditions provide the equation 
for the determination of the non-zero values 
of the parameter. 


NOTATION 


E modulus of elasticity 

I moment of inertia 

x co-ordinate measured along the 
strut 

lateral deflection of strut 
bending moment 

axial thrust 

axial thrust in Fig. 4(b) 
transverse load per unit length 

[P/(ED] 

length of strut 

integer 

k, value of k corresponding to n 
(=2nz/]) 

k,l /2 

constants of integration 

P, Euler critical load (==*EI/I*) 
critical load 

bending moments at ends of 
strut in Fig. 4(a), in opposite 
directions. 


sort Vote 


M,’ bending moments at ends of 
strut in Fig. 4(b), in the same 
direction 

R_ shear reactions at ends of strut 
in Fig. 4(b) 


BASIC METHOD OF SOLUTION 


For any beam problem, four boundary 
conditions are always available—two at each 
end. For a column subjected to end thrust 
only, the boundary conditions are: 
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(a) pinned end: y=0; d*y/dx*=0 . (2) 


(b) fixed end: y=0; dy/dx=0 . (3) 
d’y dy 


Being a second order differential equation, 
equation (1) is too limited to provide a 
general solution. Instead, the fourth order 
loading equation 


a’ d’y 
=w(x) . (5) 


should be used. This makes the problem 
mathematically consistent, and also allows a 
general equation to be set up which is inde- 
pendent of the boundary conditions. This 
is important, because it allows an equation 
to be formulated which is independent of the 
mode of buckling. The only assumption 
regarding the mode is that equilibrium is 
possible for some shape other than the 
original straight form, provided the displace- 
ments are small. For large displacements 
this differential equation is no longer valid 
and the exact curvature expression would 
have to be employed. 


To use equation (5), the axial force P must 
be replaced by an equivalent transverse load 
w(x). The axial force induces a bending 
moment Py in the deflected column, and the 
load corresponding to this bending moment 
distribution M (x) is equal to 


w (x)= - d?M/ dx’. 


Hence the equivalent lateral load which 
would produce a moment Py is equal to 


w (x)= Pd*y/dx’. 
Therefore equation (5) becomes 
da 


or, for a uniform beam, 


d‘y d’y 
+k dx? (6) 
where 


Equation (6), together with the relevant 
boundary conditions (2), (3) or (4), should be 
employed for the general solution of the 
column problem. 
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EXAMPLE 


A good example of the principles involved 
is provided by the case of a column fixed at 
both ends. Without considering any specific 
mode of buckling, the problem can be stated 
mathematically as the differential equation 
(6) together with the boundary conditions 
(3), ie. 


From equation (6), 

d*y/dx’=A coskx+Bsin kx. 
Therefore 
y= -—(A/k*) cos kx -(B/k*) sin kx +Cx+D, 


Putting in the boundary conditions at x=0 


0= -A/k?+D 
O= - B/k+C. 
Therefore 
y=(A/k*) (1 cos kx)+ 


+(B/k*)(kx —sinkx). (1) 
Putting in the boundary conditions at x=], 
0=(A/k*) (1 -cos kl) + (B/k*) (kl sin kl) 
(8) 
0=(A/k)sin kl+(B/k) (1 - cos kl). 


For a solution, the determinant must be 
equal to zero. 


Therefore 
(1 — cos kl)? — (kl sin kl) sin kl=0 
i.e. 2-2coskl—klsinki=0. . (10) 


T T T 
| 
| L\ 


Fig. 1. 
Graphical representation of the complete charac- 
teristic equation. 
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varac- 


A NOTE ON THE BUCKLING OF STRUTS 


4P, 16 P, 36 
| 
Fig. 2. 


Buckling modes corresponding to the solution of 
sin (kl/2)=0. 


The solution of this transcendental equation 
will give the values of k leading to the 
critical loads. Fig. 1 shows a plot of this 
equation, the zeros corresponding to the 
eigenvalues. Note that there is a sequence 
of solutions alternating with the classical 
solution of Al=2zn. 

The two sequences can be separated by 
rewriting equation (10) as 


sin (kl / 2) [2 sin (Al/2) — kl cos (kI/2)| =0 
Therefore either 
sin (kl/2)=0 (11) 
or tan (kl/2)=kl/2. (12) 


Equation (11) yields the usual values of the 
critical load, namely 


(a=1,2,3,...) (13) 


Equation (12) yields an additional sequence 
the first three values of which are 


kl/2=4.494, 7.725, 10.904,... (14) 
Therefore 
pS 
(15) 


8-18 P, 


\ 


(a) 
Fig. 3. 


Buckling modes corresponding to the solution of 
tan (kl/2)=kl/2. 


The shape of the modes can be obtained 
directly by the usual methods. First consider 
the eigenfunctions obtained from equation 
(11). This equation leads to the eigenvalues 


kl/2=nz. 

Substituting these values of k in equation (8) 

(A/k,,”) (1 — cos 2nz) + 

+(B/k,”)(2nz sin 2nz) 
=(B/k,*)(2nz) 

B=6. 

Therefore equation (7) becomes 
y=(A/k*)[1 -cos (16) 


These modes are shown in Fig. 2, in which 
P, represents the Euler critical load =*EI/I’. 
They are the modes corresponding to the 
classical critical loads. Note that as the 
square bracket in equation (16) is always 
positive, the deflections must necessarily lie 
on one side of the undeflected shape. 

Next consider the eigenfunctions obtained 
from equation (12). Let the sequence of 
numerical values for k//2 be ©, (See equation 


(14)). 


Therefore 


Hence 
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k,=2¢,/I. 

Substitute these values of k in equation (9) 
0=(A/k,,) sin 2¢, + (B/k,) (1 cos 

A/B= -tan 4,. 

Equation (7) becomes 


Therefore 


Therefore 


y=C — sin —tan >, (1 | 


These modes are shown in Fig. 3, in which 
again P, represents the Euler critical load. 
They are similar to the modes of a strut of 
which both ends are constrained to remain 
on a fixed line, one end being “ fixed” and 
the other “ pinned.” 


An important practical point immediately 
becomes apparent. Suppose such a clamped 
strut is to be used to carry a load greater 
than the lowest buckling load, and this is to 
be accomplished by restraining the centre 
from lateral displacement. According to the 
classical formula, the strut will then carry a 
load of 16z°EI/I? (n=2 in equation (13)). 
Actually it will carry only 8.187°?EJ/I? and 
buckle into the shape shown in Fig. 3(a). 
This can be shown to represent a lower 
energy state than the mode of Fig. 2(b). 
Similarly, for all modes higher than the 
fundamental, the beam may buckle in the 
series given by Fig. 3 rather than Fig. 2 if 
only the stationary points are restrained from 
lateral displacement. Hence, from a practical 
point of view the classical solution is 
important for the fundamental mode only. 
Any additional lateral restraint could make 
the column buckle according to Fig. 3. 


DISCUSSION OF RESULTS 


It is instructive now to reconsider the 
whole problem, and to determine in just 
what measure the classical approach fails to 
yield the complete solution. 

From a mathematical point of view, the 
reason has already been stated. A fourth 
order differential equation must always be 
used in order to satisfy the four possible 
boundary conditions of a beam. From a 
physical point of view, the limitation was 
imposed on the original diagram from which 
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AER\ 


AIRC 


p! 
(a) (b) 
Fig. 4. = 
External forces and moments for the two types of ff] AIRV 
buckling. 


the forces and moments were obtained. 
Fig. 4(a) shows this complete diagram. 
Certainly the classical solution gives the 
correct result for this mode, and _ further, 
for all similar modes. 

But consider a mode of the second 
sequence, as shown in Fig. 4(b). Here the 
end moments are in the same direction, and 
shear reactions are necessary for equilibrium. 
If these reactions are included in the second 
order moment equation, this second type of C 
mode will become apparent—but not the 
first! Only the fourth order equation will 
yield all possible modes 
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** Skyhi Works, Worton Road, Middlesex 
Cricklewood Works, London, N.W.3 os es 
Great West Road, Brentford, Middlesex re we 


Bowling Green Lane, London, E.C.1 
17 Westbourne Road, Sheffield, 10 


Vickers House, Broadway, Westminster, S.W.1 
Weybridge Works, Weybridge, Surrey .. 
Supermarine Works, Hursley Park, Winchester, “Hants, 
Henley Park, near Guildford, Surrey 


46 Grosvenor Street, W.1 
Yeovil, Somerset we ee 
Tile Hill, Coventry .. oe 


AAVI 


Fordhouses = ton) 218) 
Leeds 3735 

Armley 5 
Denham 2214 
Elmbridge 3352-4 


Shepherds Bush 1229 
Yeovil 1100 


Victoria 8323 
Luton 2960 
Rainham 34 
Holborn 9791 
Ilford 3040 

Ealing 0011-3, 3661-3 
Tilehurst 67182-4 
Abbey 4565 


Victoria 3126 


Failsworth 2020-2039 
Derby 2424 

Elgar 7777 
Gloucester 24431 


Enfield 3434 & 1242 
Cowes 445 
Whitehall 7271 
Slough 23277 
Victoria 0531 
Temple Bar 1234 
Belfast 58444 
Hounslow 2211 
Gladstone 3333 
Ealing 6771 


Terminus 3636 
Sheffield 60081 


Abbey 7777 
Byfleet 240-243 
Chandlersford 2251 
Guildford 62861 


Mayfair 9232 
Yeovil 1100 
Tile Hill 66271 
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THE Piston Type Inertia Switch 


(S/2 has been developed to meet 
the demand for a single-point switch 
operating on forward deceleration 
only, and meets the requirements 
for a simplified unidirectional 
switch will operate at any chosen 
deceleration in excess of 3G. 

The principle of operation is as 
follows: -The inertia of a fluted 
piston, held in its “set” position 
by a bowspring, overcomes its spring 
tension upon application of the appropriate deceleration force, thus causing the 


spring to snap over, thereby bridging a pair of contacts. 


This switch is extremely compact ; the terminals and reset buttons are readily 
accessible, the whole easily mounted, and the weight only 10} ozs. The calibration 
is unaffected by vibration. 

These new Graviner Switches have proved their reliability during very extensive 
laboratory and flight trials at the Royal Aircraft Establishment and are fitted in the 
de Havilland Comet. 


GRAVINER 


i FIRE PROTECTION EQUIPMEN T 


GRAVINER MANUFACTURING CO LTD 
-POYLE- MILL WORKS, COLNBROOK, BUCKS. Tel. : COLnbrook 48 


Agents in—Argentine, Australia, Canada, Denmark, East Africa, 
Holland, India and Pakistan, traly, New Zealand, Sweden, U.S.A. 
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BRISTOL 
BRABAZON 


ENGLISH ELECTRIC 
CANBERRA 


HAWKER 
SEA HAWK 


AVRO JETLINER 


AVRO CANUCK 


they 
all use 


Liquid Springs 
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